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Abstract 
Micromechanical resonators have many attractive properties, making them ideal com-
ponents to provide frequency shaping and generation in future wireless transceivers. 
Their applicability in communication equipment depends on fabrication cost, impe-
dance and the ability to tune their resonant frequency while maintaining a high Q-
factor. This thesis characterises (i) CMP polysilicon polishing for the fabrication of 
micromechanical resonators and (ii) FIB platinum (Pt) and (lii) electrochemical silver 
(Ag) deposition for their tuning. 
Both polysilicon bridge and cantilever beam resonators have been fabricated and char-
acterised. In addition, a CMP planarisation based process has been used to demon-
strate a fabrication platform for producing micromechanical resonators with submi-
cron transducer gaps. This process requires one photolithographic step less than previ-
ously reported fabrication methods and does not suffer from transducer gap widening, 
which otherwise strongly affects the impedance of manufactured resonators. As part 
of this work, pattern dependent removal rates for polysilicon have been determined 
and design guidelines defined to optimise the yield of CMP fabricated resonators. 
FIB Pt deposition on both bridge and cantilever beam resonators has been used to 
demonstrate frequency tuning (-15.6%). In contrast to competing technologies, such as 
laser trimming, FIB deposition does not cause device failure. Its advantage is that it is 
performed at room temperature and no power is consumed to maintain the trimmed 
frequency. 
Real time electrochemical Ag deposition has been demonstrated to be capable of tuning 
polysilicon bridge resonators. It showed a location dependent bidirectional frequency 
change (40% to +10.7%) using minimal power (200nW). This was implemented using 
an Ag deposition scheme consisting of a solid electrolyte, an Ag anode and Al con-
tacts, and was integrated into bridge resonators using evaporation and shadow mask 
techniques. The advantage of this method over FIB Pt deposition is that it can provide 
dynamic in-situ simultaneous tuning of many resonators on the same chip. 
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his chapter introduces the reader to the field of Micro Electro 
Mechanical Systems (MEMS) and highlights the increasing im-
portance of this technology in wireless communication systems. 
After motivating the work and presenting the objectives of the thesis, the 
chapter ends with a description of the thesis structure. 
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Chapter 1 	 Introduction 
1.1 Background 
Only a few discoveries have had such a strong impact on humanity as the transis-
tor and the planar fabrication process, which have developed together over decades 
into a multi-billion pound semiconductor industry. Semiconductor research enabled 
the miniaturisation of electronics into Integrated Circuits (IC) and provided the foun-
dation for inventions such as personal computers, mobile phones and ever increasing 
memory capacity. These products have influenced the daily life of modern societies 
and inspired new areas of research, which have borrowed processes and technology 
originally used for making ICs. 
One of these areas of research is Micro Electro Mechanical Systems (MEMS) technology 
in which mechanical systems are miniaturised and integrated with transistor electron-
ics. The MEMS industry has been growing continuously over the past two decades and 
uses fabrication processes adapted from the original IC planar process. It harnesses the 
same advantages of miniaturisation which transistors have experienced for decades, 
namely, faster speed, lower power consumption, lower cost and smaller size. Devices 
based on MEMS technology have a continuing impact on society and find commercial 
applications ranging from pressure sensors and accelerometers to gyroscopes. 
1.2 Motivation 
Communication systems such as wireless handsets have benefited from the develop-
ment of MEMS technology. Thin film bulk acoustic resonators (FBAR), which are com-
posed of deposited piezoelectric material sandwiched between metal electrodes, pre-
sent an alternative to the off-chip passives that were formerly used. FBARs have been 
demonstrated that have operating frequencies well within the GHz range [156, 108] 
and sufficient quality (Q)-factors to be used as RF filters in front end transceivers of 
wireless handsets. 
At the same time, advances in Radio Frequency (RF) micromechanical resonators have 
yielded miniature vibrating on-chip devices with Q-factors exceeding 10,000 and GHz 
resonant frequencies. Micromachined RF resonators can replace Surface Acoustic Wave 
(SAW) devices in the same way as FBARs, but they can also be interlinked to form "in-
tegrated micromechanical circuits", which can realise frequency mixing, shaping and 
generation in wireless transceivers [86]. 
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Fig. 1.1 presents an example of a wafer-vacuum packaged MEMS surface micromach-
med resonator on top of an US one cent coin. The figure clearly shows the small size of 
the miniaturised resonator. Note that micromechanical resonators can be three times 
smaller in volume than FBARs [8]. 
Figure 1.1. Micromachined on-chip resonator on top of an US one cent coin. In future, 
multiple micromachined resonators will be able to be interlinked to form mixers, filters 
and oscillators on one single chip, providing a reduction in cost and size and an in-
crease in functionality in multi-band wireless transceivers. (Picture courtesy: Discera 
M icrocommun ication Technologies) [124]. 
Despite the advantages of using micromechanical resonators in wireless communica-
tion equipment, their application has being hindered by their (i) high intrinsic impe-
dances, (ii) complex fabrication processes and (iii) the lack of suitable post-fabrication 
tuning methods. 
The fabrication of micromechanical resonators involves a combination of conformal 
multi-layer deposition and several photolithographic steps, typically followed by etch-
ing. As the number of fabrication steps increases, so do the manufacturing costs. In 
addition, current fabrication processes are not able to produce small enough trans-
ducer gaps in capacitive actuated resonators in order to to match their impedances to 
501) macroscopic off-chip antennas and to improve the Signal-to-Noise-Ratio (SNR). 
Every fabrication process involves tolerances that cause a change in the resonant freq- 
uency of micromechanical resonators (Ch. 3). Frequency tuning is required to correct 
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these changes and is categorised into passive and active tuning methods. Passive tun-
ing methods are often used because of their superior accuracy, but in some cases they 
have a tendency to cause resonator device failure [1]. Hence, a passive tuning method 
is required, which does not cause failure of devices. Active tuning methods are able to 
perform tuning on several resonator devices simultaneously, but often the tuning volt-
age or power consumption is too high [6], which make them unsuitable for low power 
communication equipment. Therefore, active tuning methods are required, which can 
provide frequency changes in real time using minimal power consumption. 
1.3 Scope and objective of the thesis 
As described in the previous section, micromechanical resonators have many attrac-
tive characteristics. This thesis concentrates on their fabrication and tuning as these 
are areas where there is the potential to improve their performance. 
In this work, a novel Chemical Mechanical Polishing (CMP) process is proposed, which 
reduces the number of fabrication steps and the transducer gaps of capacitive actuated 
resonators (Fig. 1.2). The process starts with patterning of polysilicon to form the res-
onator device structure. Subsequent thermal oxidation of the polysilicon sidewalls 
defines the resonator transducer gaps. After oxidation, polysilicon is deposited and 
CMP planarised to form electrodes for lateral vibration excitation. The removal of the 
sacrificial sidewall silicon dioxide (S102) layer by chemical wet etching produces the 
capacitive transducer gaps. 
Several fabrication methods have been developed to improve the fabrication and re-
duce the impedance of micromechanical resonators (Ch. 2). Most fabrication processes 
achieved low impedances by a reduction in transducer gap width, which is located 
between the electrode and resonator of capacitive actuated devices. In contrast to 
other methods, the advantage of the new process is that the resonator transducer gap 
width is independent of lithography resolution and issues associated with resist ta-
pering [100]. Apart from the gap width definition, the sacrificial Si02 on top of the 
resonator provides a polish stop layer. Therefore, possible variation in thickness or 
even complete resonator removal after CMP polishing is not an issue using this pro-
cess. The performed CMP planarisation patterns the electrodes without an additional 























Figure 1.2. Proposed CMP resonator fabrication process. Cross sectional view of resonator 
beam CMP fabrication. The process proposed in this thesis employs conformal thermal 
sidewall oxidation to achieve submicron transducers gap widths. Transducer gap width 
variation from photoresist tapering was observed in other processes, which used litho-
graphic gap definition. Photoresist tapering is not an issue in the presented process, 
since the oxidation rate is constant for the sidewalls of the resonator. 
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cost. Further, the proposed CMP process does not suffer from transducer gap widen-
mg after the release etch and the consequent increase in impedance after sacrificial 
layer etching [100]. 
After fabrication, the resonant frequency of resonators typically experiences changes, 
which need to be adjusted to maintain performance specifications. Focused Ion Beam 
(FIB) is used in the semiconductor industry for IC failure analysis and repair because 
it can make submicron and micron physical changes on metal tracks (Ch. 7). Its ability 
to make these physical changes (through deposition and sputtering) can be directly 
applied to micromechanical resonators to perform tuning. 
One way to modify frequency is to selectively FIB deposit platinum (Pt) at the desired 
location onto the resonator (Fig. 1.3) [29]. The deposition of Pt alters the resonator mass 
and stiffness and modifies the resonant frequency. The advantage of FIB Pt deposited 
tuning is threefold. Firstly, it can alter the resonant frequency over a wide range due 
to its ability to deposit Pt in submicron and micron sizes. Secondly, the deposition 
process is performed at room temperature, preventing the development of residual 
stress as a result of different thermal expansion coefficients between the deposit and 
the resonator. Thirdly, deposited Pt does not require any energy to maintain tuning. 
This provides desperately needed power savings for future wireless communication 
equipment with ever increasing functionality. 
Ga+ ion beam 




Figure 1.3. Frequency tuning of resonators by FIB Pt deposition. FIB selectively deposits Pt on 
the resonator, altering the mass and stiffness of the device. A change in mass generates 
a decrease, while a change in stiffness produces an increase in resonant frequency. 
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Recently, silver-germanium-selenium (Ag-Ge-Se) ternary materials have emerged in 
MEMS device applications, because of their high ion mobility and ability to transport 
Ag ions. These material systems have promising properties, being capable of moving 
significant amounts of Ag ions over several hundred microns via the combination of 
ion transport and electrodeposition/reduction [59]. The medium used to transport the 
Ag ions from their reservoir (an Ag anode) is a blanket deposited Ag doped chalco-
genide glass film, which serves as a solid electrolyte. Ag ion migration in the solid 
electrolyte and subsequent deposition is induced by a DC voltage between an oxidiz-
able Ag anode and an inert cathode (Fig. 1.4). Once Ag has been deposited, the stiffness 
and mass of the resonator is changed and the resonant frequency modified. 
Aluminium 
cathode 
Ag ion transport and 
deposition controlled by 















Growing Ag electrodeposit 
Figure 1.4. Schematic of Ag deposited frequency tuning. Application of a DC voltage between 
Ag anode and Al cathode results in Ag ion transport and subsequent deposition. De-
posited Ag alters the stiffness and mass of the resonator and modifies the resonant 
frequency. 
The advantage of this method is that Ag deposition can be electrically controlled in 
real time using low DC bias voltages (<5V) [26]. Low operating voltages and active 
control make this method ideal for filters in wireless transceivers, where a low supply 
voltage is used. Real time tuning allows correction of the resonant frequency during 
any stage of the resonator life time. This is particularly valuable when the resonant 
frequency is subject to changes caused by variations in humidity and temperature [571. 
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This thesis characterises a CMP polysilicon based polishing process for the fabrication 
of micromechanical resonators and FIB Pt and electrochemical Ag deposition for their 
tuning. The design and production of test structures is described and the characteri-
sation of the CMP polishing and tuning are explained. The results are presented and 
then used to determine process issues and design rules for CMP fabricated resonators 
and evaluate the suitability of FIB Pt and electrochemical Ag deposited tuning for use 
in RF MEMS resonators. 
1.4 Thesis plan 
The thesis is divided into three parts. In the first part, Chapter 2 and Chapter 3 review 
the literature concerning various RF MEMS components, -their fabrication processes 
and resonator tuning methods. In the second part, Chapter 5 to Chapter 8 report on 
the design and fabrication of test structures as well as the characterisatiori of CMP pol-
ishing and FIB Pt and electrochemical Ag deposited frequency tuning. In part three of 
the thesis, Chapter 9 draws conclusions about the research and gives details of possible 
future work. 
Chapter 2: Review of RF MEMS: This chapter reviews RF MEMS components and cir-
cuits and compares their performance with their current macroscopic and solid-state 
counterparts. In the second part of the chapter, the geometrical design, a deposited 
tuning model, electrostatic actuation and fabrication methods of micromechanical re-
sonators are reviewed and explained. At the end of the chapter, remaining resonator 
research issues are discussed. 
Chapter 3: Frequency tuning methods for MEMSresonators: This chapter identi-
fies the strength of frequency changes in micromechanical resonators and reviews and 
compares active and passive tuning methods. 
Chapter 4: Characterisation of a CMP based polishing process: In this chapter, a 
test mask design is used to analyse a CMP based polysilicon polishing process for the 
fabrication of capacitive micromechanical resonators. 
Chapter 5: Fabrication of MEMS resonators: Chapter 5 describes the fabrication of 
micromechanical cantilever beam and bridge test resonators intended for the charac-
terisation of FIB Pt and electrochemical Ag deposited tuning. A solid electrolyte, Ag 
anodes and aluminium (Al) contacts are integrated with a set of micromachined poly-
silicon bridge resonators in order to analyse Ag deposited frequency tuning. 
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Chapter 6: Characterisation of micromachined MEMS resonators: This chapter briefly 
describes the optical workstation and the characterisation of fabricated MEMS test re-
sonators. 
Chapter 7: Characterisation of frequency tuning by FIB platinum deposition: Fo-
cused Ion beam platinum deposition is used to characterise frequency tuning of poly-
silicon and 3C SiC micromechanical cantilever beam and bridge test resonators. Sim-
ulation and vibration measurements are used to analyse the FIB deposition tuning. 
FIB deposition is investigated and a model and simulations are used to explain the 
observed tuning. 
Chapter 8: Characterisation of frequency tuning by silver deposition: In Chapter 8, 
electrical and mechanical test structures are used to analyse the solid electrolyte. Poly-
silicon bridge resonators with integrated solid electrolyte, Ag anodes and aluminium 
(Al) contacts are used to analyse Ag deposited frequency tuning. A model and sim-
ulation are used to characterise the shifts in resonant frequency of micromechanical 
polysilicon bridge resonators. 
Chapter 9: Conclusions and future work: The work of the thesis is reviewed and re-




Review of RF MEMS 
T
his chapter reviews different RF MEMS components and cir-
cuits with special emphasis on capacitive transduced resonat-
ors. Their mechanical geometrical design, capacitive transduc- 
tion and fabrication are described and developed. At the end of the chapter, 
remaining resonator research issues are discussed and an outlook into the 
future is made. 
Page 10 
Chapter 2 Review of RF MEMS 
2.1 Introduction 
In the last decade large resources and research effort has been devoted to the field of 
Radio Frequency (RF) MEMS. The major impetus for these efforts were the provision 
of on-chip passive RF components to allow power savings and increased functionality 
in future multiband wireless communication equipment. Over the years, large num-
bers of publications have appeared, reporting on different RF MEMS components and 
their performance. A selection of these RF components and circuits are summarised 
in the following sections with particular emphasis on those, which find application in 
future multiband wireless transceivers, laptop computers and wristwatches. Note, the 
number of publications describing various RF components and circuits exceeds obvi-
ously significantly those referenced in this thesis as only representative examples are 
identified. Hence, other rnicromachined RF components and circuits such as anten-
nas, transmission lines and phase shifters are not included in this review. For more 
information, the reader is referred to [134, 109, 85, 127, 150, 5, 71, 1021. 
2.2 RF MEMS components and circuits 
2.2.1 Micromechanical Switches 
Solid state switches such as PIN diodes and GaAs MEtal Semiconductor Field Effect 
Transistors (MESFET) currently used in wireless front end transceivers for signal rout-
ing purposes, have large insertion losses of up to 1-2dB per stage for frequencies be-
yond 1GHz and poor electrical isolation in the blocking state of -20 to -25 dB. Addi-
tionally, these devices consume about 100mW of power during actuation compared to 
their RF MEMS counterparts with 1mW [12]! 
RF MEMS switches [39] by comparison are an attractive alternative to solid state de-
vices because of insertion losses of 0.1dB at 1GHz and isolation of -35dB at 35GHz. 
They achieve such superior switching action of a freely movable member using elec-
tromagnetic [126], electrostatic [39] and electrothermal [144] actuation. Electrostatic 
switches provide in the up state of a metal electrode signal transfer, while in the down 
state, the RF signal is blocked (Fig. 2.1). Their superior linearity, low power consump-
tion and integration compatibility with transistor circuits make them compelling for 
signal routing between receiving and transmitting paths in RF front ends, antenna 
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issues such as short lifetimes, slow switching speed and high actuation voltages need 
to be resolved before these structures can use their full potential in wireless communi-
cation technology. 
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Figure 2.1. A capacitive coupled micromechanical shunt switch. (a) Micrograph and (b) a 
schematic representation of a capacitive coupling MEMS RF switch. In this design, two 
metal electrodes are separated by a dielectric film and an air gap. In the up state of the 
movable metal bridge electrodes, signal can pass through the signal line. In the down 
state, the RE signal is shorted and blocked through the switch structure to ground [39]. 
2.2.2 Tunable Capacitors 
Tunable RF MEMS capacitors consist of a parallel plate capacitor with air as a dielectric 
between them. Capacitance in these devices is varied by the displacement of these 
plates in respect to each other by means of electrothermal [43], piezoelectric [92] and 
electrostatic [30] actuation. Most researchers have concentrated on the electrostatic 
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actuation, due to the zero DC power consumption and integration compatibility with 
transistor electronics. 
MEMS electrostatic tunable capacitors adjust their capacitance by altering the electrode 
gap spacing or the electrode areas (Fig. 2.2). Both capacitors achieve a tuning ratio (de-
fined as the relative capacitance swing for a given DC voltage) of around 3:1 and Q 
factor of up to 66 at 1GHz [30]. Paired together with medium-Q inductors, RF MEMS 
Inductor 	Bridge capacitor 
- 	.d- 	- 
Figure 2.2. Photographs of two different RF MEMS tunable capacitors. (a) Tunable gap 
bridge capacitor with high-Q inductor [30] and (b) Comb-area tunable capacitor [152]. 
capacitors could enhanced the performance of voltage controlled oscillators (VCO); be 
employed in tunable RF filters and impedance matching circuits, where they would 
outperform currently used semiconductor Schottky varactor diodes due to their high 
linearity, low power consumption and high electric self resonance. However, the cur-
rent research challenge is to achieve high tuning ratios using low DC voltages. 
2.2.3 Medium-Q Inductors 
Tunable micromechanical capacitors have to be paired with inductors with Qs > 20 to 
realise low noise VCOs or tunable RF front end filters. Conventional planar IC manu-
factured inductors have Qs not larger than 10 due to high series resistances and capac-
itive losses through the underlying Si substrate. 
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MEMS technology can provide inductors with thicker metal lines to reduce series re-
sistance and suspend the inductor away from the substrate to limit capacitive loss thr-
ough the substrate, which can produce Qs of up to 70 [17,21]. Although demonstrated 
Qs are not high enough to serve in tunable RF front end filters, demonstrated Qs are 
sufficient to pair these inductors with tunable capacitors to allow the implementation 
of low noise VCOs with considerable lower power consumption than those fabricated 
with conventional IC manufacturing processes [1571. 
Figure 2.3. Curled spiral inductor. The inductor is bend away from the substrate as a result of 
the compressive stress in the device structure [17]. 
2.2.4 High-Q Micromechanical Resonators and circuits 
Resonators find widespread applications in transceiver architectures such as frequency 
- controlling elements in reference oscillators, as tunable resonator tanks for Voltage 
Controlled Oscillators (VCOs) and as building blocks for filters [127]. 
Based on the principle of operation, resonator can be divided into (i) electromagnetic 
wave (EW) resonators, e.g. 1..C-type or transmission line resonators, and (ii) electrome-
chanical or electro-acoustic wave (AW) such as mechanical, bulk acoustic wave (BAW) 
and surface acoustic wave (SAW) resonators. Acoustic wave resonators vibrate with 
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higher Qs than their electromagnetic counterparts, making them essential components 
for communication equipment [127]. 
MEMS technology has produced miniaturised versions of such electro-acoustic re-
sonators and partly replaced bulky off-chip SAW filters in wireless communication 
equipment. Example of micromachined on-chip resonators with frequencies ranging 
from a few kHz to GHz are comb-drive [88], doubly clamped microbeam [6] and dia-
mond disks resonators [140, 1 561. 
The following section reviews different resonator transduction methods and presents 
the latest filter and oscillator circuits based on capacitive actuated resonators. 
Resonator transduction 
Three major transduction methods for micromechanical resonator can be classified 
into (i) piezoelectric [96], (ii) magnetomotive [105] and (iii) capacitive [140] actuation. 
The transduction method influences the impedance level of the resonator, the Q factor 
and their ability of integration with CMOS circuitry. 
Piezoelectric transduced resonators such as film bulk acoustic resonators RFBARs consist 
of an aluminium nitride (A1N) piezoelectric layer sandwiched by two parallel metal 
electrodes. By the application of an AC voltage between the electrodes, a mechanical 
vibration is induced in the piezoelectric material, which is determined by vertical [156, 
108] or lateral [96] dimensions of the resonator. In order to attain a high Q of 2,900 in air 
with demonstrated frequencies of 473MHz [96], the acoustic losses are minimised by 
removal of the underlying substrate material (Fig. 2.4). FBARs have been successfully 
implemented in mobile handsets as RF filters. 
Magnetic actuation is less frequently studied than piezoelectric and electrostatic trans-
duction, probably because of its fabrication complexity and difficulty to generate a 
strong magnetic field within a CMOS environment. However, in [149] flexural beam 
resonators were magnetically excited by exposing them to a strong magnetic field of 71 
and passing an alternating current through the device. The combination of magnetic 
field and electric current generated an electrodynamic (Lorentz) force, which caused 
mechanical resonance at one of the intrinsic harmonics of the beam. The beam op-
erated with a fundamental resonance frequency of 70 MHz with a Q of 20,000 under 
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Figure 2.4. Lateral vibrating piezoelectric FBAR resonator. The resonator is piezoelectrically 
actuated and vibrates laterally. Resonant frequency is determined by lateral dimensions 
rather than by thickness [96]. 
Figure 2.5. Submicron doubly clamped SiC bridges. Nanometer sized SiC bridges are actuated 
by exposing them to a strong magnetic field and passing an alternating current through 
the device. The resulting Lorentz force causes resonance at one of the bridge's intrinsic 
harmonics [149]. 
Capacitive actuated resonators consist of a suspended mechanically vibrating mem-
ber, e.g. comb [88], beams [6] disks [140] and input and output transducer electrodes. 
The application of a Directed Current (DC) bias voltage and Alternating Current (AC) 
excitation signal between vibrating member, e.g.diamond disk [140] and input elec-
trode produces mechanical resonance, which is determined by the lateral dimensions 
of the resonator (see Fig. 2.6). Mechanical vibration generates a motional current at 
the output electrode, which when plotted as function of frequency traces a sharp reso-
nant peak transfer function with a maximum resonant frequency of 1.51GHz. To attain 
a high Q of 10,100 in air, acoustic losses to the underlying substrate were minimised 
using the acoustic wave reflection between the polysiicon support stem and the dia-
mond disk. Such high Q-factors in air further reduce cost, because expensive vacuum 
encapsulation to remove air damping as in previous reported resonators becomes re-
dundant. 
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Figure 2.6. Capacitive actuated diamond disk resonator. The diamond disk is suspended by a 
polysilicon stem to reduce acoustic losses to the underlying substrate [140]. Vibration 
is generated by a DC bias and AC actuation signal between one of the electrodes and 
the disk resonator. The resonator operates at resonance when the frequency of the 
actuation signal equals one of the mechanical resonant frequencies of the disk. 
Unlike piezoelectric actuated devices, capacitive resonator fabrication is compatible 
with CMOS manufacturing and devices do not require electrodes on top of the de-
vice to actuate and sense vibration. Electrodes on top of resonators add to the overall 
damping and reduce the mechanical Q-factor of the device. Additionally, the DC bias 
voltage used to charge up capacitive resonators can be employed to switch resonators 
on and off, which lowers the number of switches in front end transceivers and there-
fore reduces insertion loss and cost. 
Inefficiency of capacitive resonators is caused by the low electromechanical coupling, 
which produces a high device impedance. This makes matching to macroscopic el-
ements such antenna difficult, since these require impedances of 500 or 3770 for 
maximum power transfer [85]. Piezoelectric transduction can achieve higher electro 
mechanical coupling and therefore lower impedances (800 [96]).  Indeed piezoelectric 
resonators [96] can present a solution to the impedance problem. 
However, capacitive lateral vibrating mechanical resonators have higher Qs, process 
simplicity and IC compatibility (lower cost), and built-in switchability [87]. Their 
biggest advantage, however, is that they can be interlinked to micromechanical circuits 
such as filters and oscillators. 
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Micromechanical filters and oscillators 
The most attractive application of micromechanical resonators includes frequency se-
lection (via micromechanical filters) and low power frequency generation (i.e oscilla-
tors) using a combination of resonators and transistor electronics [87]. 
A typical topology of a micromechanical bandpass filter consists of a number of res-
onator tanks connected with one another using coupling elements. Coupling between 
individual resonator tanks can be performed either capacitively or mechanically. For 
more information, the reader is referred to an excellent book [52], which gives a de-
tailed description on different filter designs and concepts. 
A recent published [23] composite mechanical filter (Fig. 2.7) consist of an array of 
mechanically coupled square micromechanical resonators. This design provides the 
designed filtering function with a centre frequency of 68.1MHz, insertion loss of 2.7dB 
and bandwidth of 0.28%. The advantage of the arraying approach is that the outputs 
the individual resonators are summed to a larger current for a given input voltage and 
hence a lower impedance and allowing matching to 501). 
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Figure 2.7. Array coupled 68.1 MHz micrornechanical filter. SEM picture and transmission 
curve of a micromechanical bandpass filter comprised of 43 coupled square plate reso-
nators [23]. 
However, such small impedances can only be achieved with a sufficient large number 
of coupled devices. A large number of coupled filters, however, are prone to mechan-
ical shock, which can present a reliability issue of these devices. Therefore, alternative 
solution need to found to solve the impedance problem of capacitive resonators. 
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Apart from filtering functions, high micromechanical resonators can also be used as 
high-Q ultra stable local oscillators for frequency generation. Local oscillators in wire-
less transceiver require high-Q resonators with a high thermal stability to ensure a 
stable resonant frequency over time and low phase noise [83]. An example of a micro-
machined oscillator is shown in Fig. 2.8, depicting a 61MHz oscillator based on a mi-
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Figure 2.8. SEM picture of a 61MHz disk oscillator. The frequency setting element of this 
oscillator is a disk resonator operating at a resonant frequency of 61MHz with a Q-
factor of 1000 [69]. 
2.3 Micromechanical Resonators 
Micromechanical resonators are building blocks for filters and ultra stable oscillators. 
Their manufacturing process provide devices with a variety of possible resonant fre-
quencies largely dependent on the devices geometries and material. 
In this section, micromechanical cantilever beam and bridge resonators will be re-
viewed in terms of their design, electrostatic actuation, fabrication and remaining re-
search issues are discussed. 
2.3.1 Geometrical Design 
The simplest micromechanical resonators are the cantilever beam and bridge resonator 
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Figure 2.9. Schematic of a cantilever and bridge resonator. Both resonators are defined by 
their length L, width w and thickness t. Their resonant frequencies are determined by 
their geometry and material properties. Depending on the sign, the bridge resonant 
frequency is decreased for compressive and increased for a tensile force N acting along 
the length of the resonator. Cantilevers are not influenced by an axial force, since this 
is relieved through the free end of the device. 
one can determine the fundamental natural frequency of a cantilever beam and bridge 
resonators of length L, width w and thickness t using the relationship: 
(kL) 2 [7 
fo 	27TL2VpA 
(2.1) 
where k n  are the roots of the frequency equation for n modes of vibration. For the first 
mode of vibration, the root value for cantilever beams is (k 1 =1.875) and for bridges 
(k1 =4.73), respectively. 
Other variables in Eq. (2.1) such as I,E, A = w t, p are the second moment of area, 
effective Young's modulus, cross sectional area and mass density, respectively. 
For wide resonators (wit > 5), the Young's modulus E is replaced with the effective 
Young's modulus E = Ei(1 - 2) [1301. The second moment of area for a rectangular 
cross section is: 
The mode shape for the first vibrational mode can be written as: 
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for cantilevers with k 1 = 1.875/L, al = —1.3623 and for bridges with k 1 = 4.730/L, 
= —1.01781, respectively [129]. Note, this equation assumes fixed boundary con-
ditions for the cantilever and bridges with no etch undercut and no vibrational move-
ment at their supports. 
When an initially flat prismatic homogeneous bridge is subjected to an axial force N, 
the resonant frequency will differ from the stressless state (see Fig. 2.9). 
In this case the expression for the resonant frequency (f (N)) for mode n can be found 
by applying the Rayleigh method and is given by [11, 128]: 
I 	NL 
f(N) =fonVl+rnl2EI 	 (2.4) 
where 7n  is a coefficient with a given value for the first vibrational mode 
0.295 [128]. 
In case compressive axial forces exceed the buckling point, N = —Nb = 47 2 , a 
zero resonant frequency is found for the first vibrational mode. For compressive forces 
beyond this buckling point, the above model is not adequate [128]. Further, the effect 
of sheai deformation, rotational inertia and squeeze film damping are omitted in the 
above analysis [11]. 
2.3.2 A model for composite beams 
The following section describes the development of an analytical model to calculate the 
change in resonant frequency of bridge and cantilever beam resonators as a result of a 
film being deposited. The developed analytical model assumes that the cantilevers and 
bridge resonators as well as the deposited layer are stress free. The vibrational mode 
shape does not change with the deposited layer and any friction and sliding at the 
interface between the resonator and the deposited layer during flexural vibration are 
neglected. Damping effects in the resonator or in the deposited film are omitted from 
the analysis. Additionally, the resonator is considered stress free with fixed boundary 
conditions at their supports. 
For the analysis, beam or bridge resonators are treated as spring-mass systems. In this 
case, the stiffness and the mass of the resonators at any point along their lengths are 
summarised into so called "equivalent" values. In this situation, the resonator spring-
mass systems is made up of an equivalent stiffness keq , which resonates the equivalent 
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fo=_i_r 	(2.5) 
2Tr 
/ where the m eq and keq are calculated as follows [34]: 
m eq = pwtf
L 
 (X(x)) 2 dx 	 (2.6) 
L (d2X(X))2dx 
	 (2.7)keq=Ifdx2  
The function X(x) is the mode shape of the resonators as defined in Eq. (2.3). 
The neutral line (zero stress and bending moment) of the bridge/beam resonators 
shifts when a film is deposited. In order to determine the location of the new neutral 
line, the composite cross section is transformed by multiplying the width of deposited 
film (Wfilm) with the modular ratio [37]: mr = (see Fig. 2.10(b)). The variables E 
beani 
and Efthfl  are the effective Young's moduli of the resonator material and of the depo-
sited ifim, respectively. 
The new neutral line is: 
Wfjlmtfjlm (t + 
thin1) 
 + wt () 
(2.8) 
(Wfilmtfilm) (wt) 
The second moment of areas for both the resonator and the film are: 
Ib = 	(w)(t) + (w)(t)( 	
2 
	
--) 	 (2.9) 
'film = 	(W)(tfilm) + (W)(tjiim)[(t + 	
1m) - j2 	 (2.10) 
The frequency fftlrn  of deposited beams or bridges can be modelled by [34]: 
ffilm - 27r 
I_ keq + Ak 
	\/ meq+mfj1m 	
(2.11) 
where Ak and m1i, are the added stiffness and mass to the resonator. 
The added mass is calculated by: 
mfil m = Ptfi1m f 
Ljiim











Figure 2.10. Composite beam/bridge resonator. (a) Cross section and (b) Transformed section. 
The stiffness of the composite bridge or beam is: 





IL1 1 1, (d2X(x))2 dx. 
	(2.13)
dx2 
where the variable L film  is the length of the deposited film on the resonator. 
The added stiffness Ak is calculated from kc by: 
Ak = k - k eq . 	 (2.14) 
The change in resonant frequency as result of a deposited layer is then: 
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In principle, this model can be extended to resonators with ii layers. The resonant 
frequency of a resonator with n layer is: 
1 F keq + 	Ak, 
. 	 (2.16) V 1 eq + 7= Afllfj,,r,i 
In case the change in resonant frequency Afo is a result added mass of a film in 11W 
alone, one can write [111]: 
Afo jfo 	 (2.17)TL~ \ m J 
In case both the stiffness Ak and mass are added, then the change in resonant frequency 




fo 	 (2.18) 
eq meq I 
Note, Eq. (2.17) and Eq. (2.18) are only valid, if m eq >> mfilrn and keq >> Ak. 
2.3.3 Quality Q-factor 
The main advantage of MEMS resonators is their high quality (Q)-factor. A high-Q 
in RF filters is important, because it prevents interferences from neighbouring trans-
mitters entering the signal path of a receiver unit [82]. As a result, signals with less 
noise are passed down the receiving path of the transceiver. These low noise signals 
reduce the power consumption in a transceivers, since amplification is not required 
any longer to lift the signal above the noise level. Hence, a high-Q factor provides an 
improvement in signal quality and power savings in wireless transceivers. 
The mechanical Q-factor itself is the ratio of the energy stored to the energy dissipated 
during one vibrational cycle. The Q-factor can be extracted from the frequency spec-
trum of a micromechanical resonator by relating the resonant frequency to the band-
width as depicted in Fig. 2.11. 
The Q-factor of a resonator depends on several damping mechanism, such as viscous 
damping, Q, damping to imbalances, Q1 damping resulting from internal material 
related losses, Q1, and surface related losses,Qcircace.  These factors can be related to the 
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Figure 2.11. Measured frequency spectrum of a manufactured polysilicon bridge resonator. 
Measured frequency spectrum for a 619kHz polysilicon bridge resonator operated under 
vacuum (p=20ybar). The Q-factor of 10314 was determined from the ratio of the 
resonant frequency and the bandwidth at I/vlr2 of the normalised amplitude [18]. 
overall Q-factor of a resonator as: 1 / Q = 1/Q + 1/Q + 1/Q1 + i/Qsurace [117, 1541. 
This relationship indicates that lowest Q-factor limits the total Q of a resonator. 
Viscous damping arises when a resonator is operated in a fluid or gas. In a gas pressure 
strongly influences the Q-factor above lmTorr [154]. In this regime, so called viscous 
elastic damping takes place, which can be divided into squeeze film damping for out-
of-plane vibrating structures and Couette damping for lateral vibration [46]. In order 
to attain a high-Q factor, resonators are often operated in vacuum. However, recently 
demonstrated resonators [140, 671 achieved a Q as a high as 10,100 under atmospheric 
pressure mainly due to the small vibrational amplitude and reduced anchor losses. 
When a resonator is operated in vacuum, the Q-factor is influenced by support losses 
through the anchor structure and internal material losses. Support losses arise when 
vibrational energy is transfered from the resonating structure into the underlying sub-
strate. Support losses can be reduced using resonators with a balanced vibration move-
ments, i.e. using triple bridge structure operating in antiphase mode [117]. 
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Internal damping is dependent on the purity, dislocation and thermoelastic damping 
of the material being used. Thermoelastic damping is caused by irreversible heat flov 
across the thickness of the resonator as it oscillates [154]. 
During vibration the resonator material is constantly expanded and contracted. When 
the material contracts, it heats up and when it expands it cools. This process gener-
ates a temperature across the thickness of the resonator. Energy will flow from the 
hot side of the resonator to the cool, resulting in irreversible energy loss. The rate 
of energy dissipation depends on materials properties such as thermal conductivity, 
thermal expansion coefficient and heat capacity. It also is dependent on the resonant 
frequency [154]. 
Surface related losses arising from disruption of the atomic lattice and surface contami-
nation. The surface layer in most cases does not substantially change the stored energy 
in a system, but can substantially enhance the dissipated energy [154] and reduce Q. 
2.3.4 Capacitive Transduction 
Vibration can be actuated and sensed using a number of methods, which were briefly 
discussed in Sec. 2.2.4. Capacitive actuation and detection is beneficial, because it is 
compatible with CMOS fabrication and has zero DC power consumption. This section 
briefly reviews capacitive actuation, which has been described in detail in [88], but is 
repeated for clarity and hightlights some of the issues that are of importance to the 
reported work in this thesis. 
The earliest capacitively transduced resonators consisted of cantilevers [79] or clamped 
- clamped bridges, which were driven perpendicular to the substrate (Fig. 2.12). Other 
capacitive resonators include comb - structures and disks [88, 1401 driven parallel to 
the substrate. For operation, the resonator is biased using a bias voltage Vps = Vp - V 
and excited by Vd = T/dcoswt. Resonance is created when the drive voltage frequency 
wd matches one of the several natural mechanical resonant frequencies of the resonator 
(Wr = 271 fo) (Sec. 2.3.1). This periodical movement during vibration creates a time-
varying capacitance between the resonator and electrodes. The generated motional 
current at the sense electrode is: 
ac 	aCaz 
io = VPS --- = —Vp--- 	 (2.19) 
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Sense 
Anchor 	 Drive 
Vp— 	 —Vd 	—Vs 
Figure 2.12. Schematic of a clamped-clamped electrostatic actuated resonator. Vertically 
capacitively driven microresonator with typical bias and excitation configuration. 
where is the change of the sensing capacitance C per unit displacement z. Eq. (2.19) az 
written in phasor form gives 
Jo = —] wVp---Z. 
Ignoring fringing fields and assuming a flat capacitor plate, the sense capacitance for a 
beam resonator as a function of displacement and is approximated by: 
C(z) 
- EoAoveriap 




where A ov iap is the overlap area and CO is the static capacitance between the resonator 
and the sense electrode. Differentiating Eq. (2.21) we obtain 
i)z 	( 1 + —d ) 
(2.22) 
Note, that with Vps = 0, no motional current is generated. Hence, capacitively op-
erated resonators can be switched on or off by means of their DC bias. This makes 
(2.20) 
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the use of switches in transceivers redundant and improves power consumption and 
insertion loss figures. 
The force Fd created by the drive electrode is 
Fd = — 
1 
(Vp s + VdCOSWt) -j-- 	 (2.23) 
After collecting terms of the same frequency as the drive, the resulting force at reso-
nance is amplified by the mechanical quality factor Q and the DC bias voltage: 
ac 
F 0  = VPSVdQ I 	 (2.24) az 
According to Hooke's law, the spring restoring force during vibration is: 
F = keq Z (2.25) 
where Z is the maximum displacement at resonance at the overlap area between the 
sense electrode and resonator. 
The maximum resonator displacement Z at resonance is then given by: 
z - FQ - QVPSVd ac 	 2 
keq .k eq z (.
26  ) 
The motional current detected during vibration can be rewritten using Eq. (2.26) and 
Eq. (2.20): 
I0 - 
- VsvdQ 3C 2 
keq 	
(2.27) 
The motional resistance of the resonator is defined as follows: 
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Apart from R eq , other parameters such as equivalent inductance Leq and Ceq can be 
derived. These three LCR parameters can be used to describe the behaviour of a res-
onator using an electrical circuit. This electromechanical analogy is beneficial when 
several coupled resonators (i.e. in a filter) have to be modelled. For more detailed 
information, the reader is referred to references [88, 4]. 
The series motional resistance R eq is of most importance and is often referred as the 
impedance of the resonator. This parameter has to be small enough to match the im-
pedances of antennas to avoid unwanted signal reflection from and to resonators. Ad-
ditionally, the impedance determines the amount of output current for a given input 
voltage and the input-referred noise of a resonator. As smaller the impedance, the 
higher the output current and lower the generated noise level [80]. 
High-Q resonators for example, are accomplished with high R eq , because of their rel-
ative high stiffness and mass [140]. One way of reducing the resonator impedance 
is to increase i, the electromechanical coupling, or alternatively the Q-factor of the 
resonator. The electromechanical coupling factor q strongly depends on the DC bias 
voltage Vp s and on . The increase in DC bias is limited by the available supply 
voltage, which for handheld wireless communication equipment is in the order of 3-
5V. The is directly proportional to the electrode-to-resonator overlap area Aoverlap 
and the electrode-to-resonator gap spacing d. The overlap area increase is limited by 
smaller and higher frequency resonators, while the gap distance can be defined by an 
oxide spacer thickness, and thus can be made very small in the range of hundreds 
Angstroms (10 10m). Hence, increasing the electromechanical coupling and reducing 
R eq by means of smaller gap spacing seems to be a reasonable approach. 
2.3.5 Fabrication 
Microfabrication technologies, which realise micromechanical RF MEMS structures, 
can be divided into (i) surface and (ii) bulk micromachining. 
Bulk micromachining [58,73] defines geometries photographically on a wafer and sub-
sequently etches the bulk silicon (Si) using anisotropically or isotropically etching tech-
niques to form three dimensional features. An example for bulk micromachining is a Si 
resonator [81]. The advantage of single crystal Si over its polysilicon counterparts is an 
order of magnitude higher Q-factor for resonators operating in the Medium Frequency 
(MIF) range. However, Si bulk micromachinirig strongly restricts the use of arbitrary 
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device design, since resonators always have to be attached to the silicon substrate and 
so isolated anchor structures required for thermally stable comb-drive resonators are 
not feasible. 
In contrast, surface micromachining [15, 73] uses a sequence of IC compatible layer de-
position and patterning techniques to form mechanical components suspended over 
the Si substrate. Polysilicon is the material of choice for most of the micromechanical 
resonators, because it has a high intrinsic material Q factor and offers, in combina-
tion with a surface micromachining process, design flexibility to produce devices with 
arbitrary shape and anchors. In this case, resonator structures are often produced as 
a result of a single masking step and can be integrated with transistor electronics on 
the same die either before (pre-CMOS), during (Mixed-CMOS-MEMS) or after (post-
CMOS) microresonator fabrication [88]. 
Howe and Muller demonstrated the first surface micromachined suspended Low Pres-
sure Chemical Vapour Deposition (LPCVD) polysilicon beam resonator structures us-
ing silicon dioxide (Si02) as a sacrificial layer in the early 1980s [471. This process se-
quence (with modification) is still used today and is shown in Fig. 2.13. The fabrication 
LPCVO polysthcon (6Od) 





Free standing poreIIcon beam 
Silicon 
Figure 2.13. Surface micromachining process. The free standing structure is formed by a row 
of deposition, etching and final sacrificial Si02 removal. Si02 is followed by a Critical 
Point drying (CPD) using liquid carbon dioxide to prevent stiction of the microme-
chanical resonators. 
relies on a thermally grown sacrificial silicon dioxide Si02 layer, which is used as sup- 
port for the polysilicon during deposition, doping, annealing and dry etch patterning. 
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To form a free standing suspended microstructure, the sacrificial Si02 is subsequently 
removed via wet chemical etching in hydrofluoric acid (HF) and dried using critical 
point drying (CPD) in liquid carbon dioxide (CO2). Polysilicon surface micromachin-
ing also inherently includes the possibility to produce different capacitively actuated 
microresonator designs such as comb-structures [123], clamped-clamped beams [81] 
and nowadays suspended rings and disks on the same die [67, 140]. 
The fabrication of a high-Q disk resonators involves the deposition, doping, photolitho-
graphically patterning and subsequent etching of a polysilicon layer to define the res-
onator disk (Fig. 2.14). After etching the polysilicon resonator disk is thermally oxi-
dised to provide a thin sacrificial Si02 layer to later define the capacitive transducer 
gap width. After oxidation, another polysilicon layer is conformally deposited, doped 
and etched to form the transducer electrodes. The resonator structures are subse-
quently wet chemically released using HE 
The high number of fabrication steps in this process' increase the cost of disk resonator 
devices and therefore of the overall transceiver unit. Additionally, during fabrication 
electrodes are produced, which partly overhang the resonator device. Such an elec-
trode arrangement is likely to cause signal coupling between in and output transducer 
electrodes, especially when the resonant frequencies are high and disk diameters small. 
The removal of the sacrificial Si0 2 between the resonator and the electrodes is diffi-
cult, especially when smaller capacitive gaps and lower impedances are required. This 
consequently limits gap width and the reduction in impedance. However, lower im-
pedances are required to keep up with the rising stiffness of resonators with increasing 
resonant frequencies (Eq. (2.28)). 
The issue of electrostatic coupling between input and output electrodes and the dif-
ficulty of releasing sacrificial transducer gaps can be easily resolved by planarising 
resonator electrodes using Chemical Mechanical Polishing (CMP). 
Global planarisation via CMP planarisation is a standard tool in semiconductor man-
ufacturing to achieve submicron linewidths and multilevel interconnects. The reader 
is referred to [158] for a very detailed review on CMP in microelectronics. 
CMP is relative new to the field of MEMS and it can produce flat mirror like surfaces 
for optical devices [136], is an alternative tool for material etching for Field Emission 
Devices [63], redUces the roughness for improve wafer bonding and enables planarised 
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Figure 2.14. Fabrication process for a disk resonator. This process involves the deposition, 
doping, patterning and subsequent etching of two polysilicon layers to define the disk 
resonator and transducer electrodes. The thin capacitive transducer gap is produced 
by a nanometer thick sacrificial Si02 layer, which is wet chemically removed during 
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During a CMP planarisation process (Fig. 2.15), the device wafer is pressed face down 
against a rotating polishing pad, while a a chemically and physically (abrasive) acting 
slurry planarises the wafer [158]. The amount of material removed RCMP  by the action 
Polishing pad 	Polishing plate 
Figure 2.15. Representation of a CMP planarisation process. The layer on the wafer is pla-
narised under pressure by pressing the a rotating wafer against a polishing pad in the 
presence of a slurry. (Picture courtesy: Korea University) [133]. 
of CMP is defined by Preston's law. This law states that the CMP removal rate depends 
on linearly on the polishing pad velocity Vpad and force FCMP  the wafer area ACMP  is 






The process shown in Fig. 2.16 uses CMP and greatly simplifies the fabrication of high-
Q capacitive resonators. It uses a combination of photolithography and CMP to pro-
duce submicron transducer gaps (Ch. 2). To produce such gaps, photoresist is applied 
on top of sacrificial Germanium (Ge). The photoresist is patterned and critical line 
widths are further reduced by oxygen plasma treatment to the required submicron 
gap widths. PolySiGe is subsequently deposited and CMP planarised to produce the 
resonator and adjacent in and output electrodes. In the final step sacrificial Ge is wet 
chemically removed to produce submicron gaps and the movable micromechanical 
resonator. 
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This CMP fabrication process suffers from several disadvantages. One of them is ta-
pering of the critical gap linewidth after photoresist oxygen plasma treatment. This in-
evitably increases the transducer gap width and causes a rise in resonator impedance. 
Another drawback of this process is that the device yield is considerable affected by 
the fragile photolithograhic defined sacrificial Ge blades and the absence of a CMP 
polishing stop layer (Fig. 2.16 a)-c)). The fragile Ge blades are easily destroyed dur-
ing following fabrication, which results in resonators with missing transducer gaps. 
The absence of a polishing stop layer consequently produces resonators with a vary -
ing thickness and resonant frequency across the wafer. In extreme cases, all PolySiGe is 
completely removed. This would affect the device yield considerably. Additionally, re-
ported poor etch selectivity between sacrificial Ge and PolySiGe widens the transducer 
gap, which affects the impedance even more [100]. 
2.3.6 Research issues and future outlook 
Although micromechanical resonators can operate at GHz frequencies, have high-Q 
factors in air, zero DC power consumption and can be integrated with CMOS elec-
tronics; research issues for these devices remain. Apart from fo  or Q, other important 
parameters of capacitive resonators that require further investigation are: temperature 
and aging stability, impedance and tuning. 
Capacitive resonators have shown excellent thermal stabilities [48] comparable or even 
better than the AT-cut quartz crystal resonators commonly used for local oscillator 
applications in wireless transceiver technology. However, there is still the requirement 
for more comprehensive long term stability tests to be undertaken. 
As indicated before, high intrinsic impedance is one of the reasons why micromechan-
ical resonators are not employed by end users as filters in wireless transceivers. Im-
pedance can be rduced by increasing the electrode-to-resonator area, decreasing the 
capacitive gap area or increasing the DC bias. Unfortunately, the bias voltage can not 
be made infinitely large due to supply voltage constraints of low power receivers. The 
electrode area reduces even further with high frequency and stiffer resonators. Hence, 
a decrease in resonator gap seems to be a reasonable approach to reduce the impedance 
of rnicromechanical resonators. 
Although surface micromachined resonators vibrate with resonant frequencies in the 
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Figure 2.16. CMP resonator fabrication. The process published in [100] uses standard lithography 
and subsequent photoresist ashing to achieve the critical gap dimensions. Tapering of 
the resist profiles causes a variation in transducer gap width which inevitably increases 
impedance. 
Page 35 
Chapter 2 	 Review of RF MEMS 
as temperature and contamination cause frequency deviations from their designed 
value. To apply these resonators in filters and oscillators, a suitable tuning method 
for micromechanical resonator has to be found. In this situation, it be would be advan-
tageous if the resonant frequency could be tuned without device failure and in a real 
time maimer during device operation. 
Once the above issues have been solved, high-Q resonators and other RF components 
can be integrated into future multiband wireless front end transceivers and shown 
in Fig. 2.17 [85]. 
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Figure 2.17. System-level block diagram of low power RF channel select transceiver ar -
chitecture. Active solid-state and passive off-chip building blocks are replaced by 
passive-high-Q micromechanical building building blocks (shaded areas) to enhance 
robustness and power consumption of present-day wireless front-end transceivers [85]. 
The reasons for such architecture are power savings and robustness. Power savings 
are mainly achieved by the characteristic zero DC power consumption and high-Q 
RF components. High-Q factor in resonators makes Low Noise Amplifiers (LNA) af-
ter multi-band channel select ifiter network redundant, since amplification of the re-
ceived signal against losses and noise is no longer required. Additionally, transistor 
switches to change between the transmitting or receiving path are no longer required 
due to the built in switchability of capacitive micromechanical filters. In all, the use 
of RF MEMS components will provide integrated, miniaturised low power wireless 
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2.4 Conclusions 
This chapter has reviewed and compared RF MEMS components and circuits with their 
solid state and macroscopic counterparts. This identified that RF MEMS devices have 
higher Q-values and enable future Wireless transceivers with lower power consump-
tion and increased functionality. However, current MEMS devices such as switches 
and resonators have to be further improved in areas such as aging, reliability and 
speed where their macroscopic and solid-state counterparts are still better. Capaci-
tive transduced resonators in particular seem to be best suited for filter and oscillator 
applications due to their inherent IC compatibility and zero DC power consumption. 
In the second part of this chapter, topics such as geometrical design, a deposited tuning 
model, capacitive transduction, fabrication and remaining research issues of polysili-
con micromechanical resonators were developed and explained. It was pointed out 
that improvements in fabrication of high-Q resonators and post-fabrication tuning are 
issues that need to be addressed to reduce impedance, reduce cost and frequency vari-
ability of high-Q micromechanical resonators. Future trends in RF MEMS architecture 
were briefly addressed and their impact highlighted. 
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T
h is chapter quantifies the strength of frequency variations in re-
sonators and reviews and compares published active and pas-
sive MEMS resonator frequency tuning methods. 
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3.1 Introduction 
Micromechanical capacitive transduced resonators have favourable properties such as 
high Q, low power consumption and a small size. Their full potential lies in their abil-
ity to be interlinked with each other to make micromechanical circuits, which form 
highly selective bandpass filters and high precision oscillators. When such filters and 
oscillators are used in wireless transceivers, power consumption and cost is reduced 
and functionality increased. To ensure good performance, the resonant frequency of 
resonators in bandpass filters has to be held within 003% [84]. In oscillators, the freq-
uency drifts should not be more than 4ppm per year [83]. 
However, the resonant frequency of micromechanical resonators is changed by vari-
ous effects, including those originating from fabrication tolerances and variations in 
ambient environmental conditions. Depending on the strength of these effects, the res-
onant frequency can differ significantly from the designed value. In this situation, a 
tuning method has to be employed that can make both fine and coarse adjustments to 
individual resonators to match their frequencies to the designed values. For example, 
resonators in micromechanical filter with unmatched resonant frequencies cause pass-
band distortions, which need to be corrected to ensure the designed filter response. 
Hence, a tuning method is required to correct and match the resonant frequency to the 
specified values. 
This chapter first identifies and quantifies the strength of these resonant frequency 
variations found in micromechanical resonators and then reviews and categorises re-
ported frequency tuning methods to correct them. In each category, tuning methods 
are described and compared with each other. 
3.2 Frequency variations 
The frequency stability of micromechanical resonators is influenced by fabrication tol-
erances and changes in ambient environmental conditions. Frequency changes caused 
by fabrication tolerances can be corrected after device manufacturing using one of the 
available tuning methods (Sec. 3.3). These changes alter the resonant frequency over 
a small period of time and influence the so called short term frequency stability of a 
resonator. Changes in environmental conditions, including temperature, pressure and 
contamination, alter the frequency after ttmirig during the whole lifetime of the device. 
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These effects influence the long term frequency stability of a resonator. This section ad-
dresses effects, which influence both the short and long term frequency stability of 
micromechanical resonators and quantifies the amount of timing required to correct 
their impact on the resonant frequency. 
The short term frequency stability of micromechanical resonators is influenced by fab-
rication related effects such as as layer non-uniformity, lateral device variations and 
biaxial stress. While the former have been reported to cause maximum frequency 
changes of up to 3% [88], the latter can alter the resonant frequency by several per 
cent. The amount of biaxial stress and tuning in those polysilicon resonators can be 
greatly reduced using a combination of doping and annealing techniques (Appendix 
B), but small residual stress (±20MPa) always remains and contributes to the resonator 
frequency variation. To illustrate this, Eq. (2.4) is rewritten to normalise the resonant 
frequency with fi (cr) and without fo  biaxial stress o = N of out-of-plane vibrating 
polysilicon bridge resonators of length L, width w and thickness t 
fi(u) - 	crl} 
Jo 	V"1Et2 	
(3.1) 
with -yj = 0.295 for the first vibrational mode. 
Fig. 3.1 shows the normalised resonant frequency as a function of residual biaxial stress 
for 2ym thick, 20ym wide polysiicon bridge resonators with different lengths ranging 
from 40ym-200ym. The graph shows the frequency dependence of micromechanical 
bridge resonators on biaxial stress. The resonant frequency of bridges increases for 
tensile and decreases for compressive biaxial stress. The graph also shows that a res-
onator's frequency change depends on the device length. Long bridges show large 
frequency changes (up to 46%) for tensile and tend to buckle for compressive biaxial 
stress. Short bridges also show a considerable amount of frequency change (2.2%) for 
both compressive and tensile biaxial stress, for example, those with the same length 
(40ym) used for temperature compensated micromechanical oscillators [48]. 
The simple mathematical model indicated that a tuning method is needed in the pres-
ence of relatively small biaxial stress to make coarse changes in frequency over several 
per cent in commonly used resonators. 
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Figure 3.1. Normalised resonant frequency as a function of biaxial stress. This graph shows 
the normalised resonant frequency (first vibrational mode) as a function of compressive 
and tensile biaxial stress for polysilicon bridge resonators with various lengths. The 
resonant frequency of different sized resonators is altered by even small residual biaxial 
stress in the polysilicon. The resonant frequency of shorter bridges is less affected by 
the biaxial stress than that of longer ones. Longer resonators start to buckle even 
for relatively small amounts of stress, indicated by the zero resonant frequency of the 
200ym long bridge. Hence, a frequency tuning methods needs to be used, which can 
perform coarse changes in resonant frequency over several per cent. 
The long term frequency stability of micromechanical resonators is affected during 
their whole lifetime by changes in ambient environmental conditions and aging. En-
vironmental conditions affecting the long term frequency stability include device con-
tamination [1551, temperature and humidity [571.  These effects have been reported to 
change the resonant frequency by tens parts per million (ppm) [57]. Aging, as another 
factor affecting the long term frequency stability of micromechanical resonators, has 
been reported to change the resonant frequency by up to 0.22% during an initial stabil-
isation phase [94]. After this stabifisation phase, which is often defined as the bum-in 
time, the resonant frequency changes by no more than lppm per year [55]. For some 
applications, such as ultra stable oscillators, those relatively small long term changes 
in resonant frequency are not acceptable. In this situation, a tuning scheme is required, 
which can makefine frequency changes (ppm range) throughout the whole life time of 
the device. 
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In summary, to ensure a stable resonant frequency of resonators in the short and long 
term, a tuning method needs to be made available, which can perform coarse and fine 
changes in resonant frequency. The following section reviews a selection of tuning 
methods capable of performing these changes. 
3.3 Tuning methods 
Published tuning methods can be divided into active and passive methods. Methods 
of both categories alter the resonant frequency by changing the equivalent stiffness 
(keq ) or mass (?fleq)  of resonators. Active tuning requires energy to maintain tuning 
and causes no damage to the resonators structure. Passive tuning requires no external 
energy source to maintain tuning, instead they produce time permanent changes to 
the resonator structure. This section reviews and compares published tuning methods 
for both categories, which can be used to correct the above frequency variations in 
micromechanical resonators. 
3.3.1 Active frequency tuning 
Published active tuning methods can be divided into electrostatic [6, 151, 2, 3, 64] and 
electrothermal [121, 1031 tuning. Both methods alter the stiffness of the resonator. 
These methods are summarised in Table 3.1. 
An example of electrothermal tuning is shown in Fig. 3.2. In this example, a DC current 
is passed through the straight tuning beam suspension of a 31kHz comb-resonator. The 
process generates compressive stress and lowers the resonant frequency. The resonant 
frequency can be tuned over a relative large range of -1% to -6.5% with a minimum 
resolution of 0.5%, making it suitable to perform the needed coarse changes in resonant 
frequency. The advantage of this method is that it is easy to integrate with CMOS 
electronics and the mechanical quality-(Q) factor is not affected by the tuning method. 
However, power consumption of up to 25mW can become an issue if several tens of 
resonators have to be tuned at once. 
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Figure 3.2. Example of the electrothermal frequency tuning of a comb-shaped microme-
chanical resonator. The comb-structure was modified by replacing one of the folded-
beam suspensions with a straight suspension as the tuning beam. Tuning is achieved by 
passing a DC current through the straight-beam suspension of a comb-resonator. This 
generates compressive stress and lowers the resonant frequency of the resonator 11031. 
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Method Tuning 	range Power con- Demonstrated Q-change Ref. 
(accuracy) sumption or frequency 
Tuning volt- range (applica- 
_________________  age tion) 
Electrostatic -9.4% - 0% 30V 7.8MHz (filters no data [6] 
(0.2%)  & oscillators) available 
Electrostatic -6.25% - 0% 35V 960kHz no data [151] 
(not specified)  (sensors) available 
Electrostatic -7% - 146% (not 60V 21-23kHz no data [21 
specified)  (sensors) available 
Electrostatic -55% - 0% (not 150V 19kHz (sensors) no data [64] 
specified)  available 
Electrothermal -6.5% - 0% 25 mW 31kHz (sensors no change [103] 
(0.5%)  & resonators)  
Electrothermal -25% - 50% 10mW 1-2kHz (sensors) no data [1211 
(-2.5%/mW)  available 
Table 3.1. Comparison of active MEMS tuning methods. Active frequency tuning can be 
controlled by an electronic circuit and is therefore amenable to integration with CMOS 
circuitry. Most tuning methods use electrothermal heating or an electrostatic force to 
change the resonator stiffness. 
Electrostatic tuning (Fig. 3.3) uses a DC voltage to change the resonant frequency of 
capacitively actuated 7.8MHz resonators [6]. The DC tuning voltage imposes a trans-
verse electrostatic force onto microresonators [6], which reduces the equivalent res-
onator stiffness. A reduction in equivalent stiffness decreases the resonant frequency 
over a relative wide range (-9.4%). 
This method can be integrated with CMOS electronics and in contrast to electrother-
mal tuning dissipates virtually zero power. However, the large tuning voltage (35V) 
used to perform the required coarse frequency changes makes it difficult to use this 
method within low power wireless transceivers, where limited battery supply voltage 
(3V) is available. However, electrostatic frequency trimming is an alternative to ensure 
the long term frequency stability of micromechanical resonators. In this situations,fine 
(ppm range) rather than coarse changes in frequency and hence smaller DC bias volt-
ages are required. In contrast, electrothermal tuning might be an option to perform 
large changes in frequency and ensure the short term stability of micromechanical re-
sonators, but increased power consumption presents a bottleneck when several reso-
nators in a filter arrangement need tuning. 
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Figure 3.3. Example of the transverse DC tuning mechanism for a micromechanical filter. 
The application of a DC tuning voltage alters the electrostatic stiffness of resonator 1 
until it matches the resonant frequency of resonator 2 [6]. 
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3.3.2 Passive frequency tuning 
Passive tuning methods (see Table 3.2.) cause permanent changes to the resonators 
stiffness and mass. These changes have been shown by other researchers using a laser 
[34, 1, 16],  Focused Ion Beam (FIB) [122], Chemical Vapour Deposition (CVD) of poiy-
silicon [51] and electrothermal annealing [142]. 
Method Tuning 	range Power con- Demonstrated Q-change Ref. 
(accuracy) sumption or frequency 
Tuning volt- range (applica- 
________________  age tion) 
CVD deposition 0.5%-1.96% 2.38mW 85kHz no data [51] 
(0.5%)  (resonators) available 
Laser deposition 0.5%-1.2% 587mJ/cm 2 12kHz no data [16] 
(0.5%) (resonators & available 
sensors)  
FIB milling -5%-0% (not - 650Hz (sensors) no data [122] 
specified) available 
Laser ablation -0.06% - - 32kHz (sensors) no data [34] 
+0.003% available 
(30ppm)  
Laser ablation ±2.2% (21ppm) - 9MHz-195MHz no data [11 
(filters & available 
oscillators)  
Electrothermal -3.3%-0% no data 455kHz (filters +600% [142] 
annealing (16ppm) available & oscillators)  
Table 3.2. Comparison of passive MEMS tuning methods. This tables summarises demon-
strated passive MEMS resonator tuning methods. Passive frequency tuning causes per-
manent changes to the microstructure. 
Frequency tuning by laser deposition is shown in Fig. 3.4. In this case, a micromechan-
ical comb-shaped resonator is covered with a pyrex glass wafer for laser deposited 
frequency tuning. A pulsed laser is used to locally vapourize a metal donor film (gold 
(Au), indium (In), aluminium (Al)) that has been pre-deposited on the glass cap. The 
vapourized metal deposits where the laser hits the shuttle of a comb-resonator. The 
resonant frequency of the comb-shape resonator reduces with the deposited metal. 
Experimental results have shown that an increasing metal mass through multiple laser 
shots can reduce the resonant frequency of comb-drive resonators by up to -18%, which 
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Figure 3.4. Schematic of post-packaging laser mass deposited frequency tuning. The comb-
shaped resonator is packaged by bonding a pyrex glass cap onto the MEMS device 
wafer. A pre-deposited donor metal film on the glass gap is locally vapourized using 
laser pulses. The metal is re-deposited on the shuttle of the resonator and reduces the 
resonant frequency [16]. 
makes this method suitable to ensure the short term stability of micromechanical re-
sonators. The demonstrated tuning resolution for resonators with 12kHz resonant 
frequency is 0.5% per laser shot. The tuning resolution is mainly determined by the 
25 x 2514m2 laser beam spot size. This method can be used to deposit different donor 
films onto the resonator, but it has only been demonstrated for the relatively low fre-
quencies, which are used for sensors. Further research is needed to extend it to higher 
filter frequencies and the influence of Q in the course of metal deposition needs inves-
tigation. 
A second passive tuning method uses the sputtering mode of a Focused Ion Beam (FIB) 
system to lengthen the suspension of a comb-drive electrostatic microactuator [122]. 
The sputtering makes the suspension more compliant and causes a smaller reduction 
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in resonant frequency (5%) than in case of laser deposition. However, those changes 




Figure 3.5. FIB trimming of the suspension of an in-plane vibrating comb-resonator. The 
lengthening of the suspension reduces the stiffness of the resonator and therefore the 
resonant frequency [122]. 
FIB systems are commonly used to make accurate micron and submicron modifications 
to integrated circuits. This makes them ideal for frequency trimming of micromechan-
ical resonators, where relatively large and small changes in frequency are required. 
They operate at room temperatures where there is less chance of the development of 
thermal stresses [51], which can relief over time and alter the long term stability of re-
sonators. High operation costs and low device throughput mean FIB systems are not 
seen as suitable for mass market application. However, high volume disc drive heads 
are FIB adjusted [104] and so, provided the trim time per device can be minimised, 
throughput may not be quite the issue it appears to be. 
FIB is a promising tuning method, because it can perform frequency tuning over a 
large frequency range by sputtering material from submicron to micron sizes with-
out any resonator device failure [122]. However, HB has only been demonstrated for 
low frequency resonators [122], with frequencies commonly used for sensors. Hence, 
FIB tuning needs to be characterised on resonators with higher resonant frequencies. 
In fact, FIB is ideal suited for frequency tuning at high frequencies, because smaller 
Page 48 
Chapter 3 	 Frequency tuning methods for MEMS resonators 
amounts of material have to be removed to achieve the required frequency changes 
than for low frequencies. 
Laser [16] and CVD [51] deposited tuning deposit relatively large volumes of material 
and can, as well as FIB, make coarse changes in frequency. However, they both can not, 
in the present form, alter the resonant frequency of smaller (high frequency) resonators. 
Further research is needed to perform frequency tuning of devices operating at higher 
frequencies. 
FIB is most attractive in terms of tuning range and accuracy, but it has compared to 
laser and CVD tuning high operating costs and perceived low device throughput. This 
makes this method more likely to be used in low volume applications, such as in mil-
itary front end transceivers. A recently developed laser trimming method [1] can per-
form very accurate and fast changes in frequency and with lower operating costs than 
FIB. However multiple laser shots, which are required to adjust larger shifts in freq-
uency, can cause device failure. 
3.4 Conclusions 
This chapter has identified the strength of frequency variation in micromechanical re-
sonators and subsequently reviewed active and passive tuning methods. Active tuning 
methods alter the resonant frequency using Joule heating or electrostatic forces. The 
tuning of capacitively driven resonator by means of a DC voltage [6] has zero power 
consumption, is amenable to on-chip integration and has a high device throughput. 
Active tuning methods are not suitable to make coarse frequency changes in low power 
communication equipment, because of their large DC tuning voltages and power con-
sumption. However, their amenability to IC integration makes them favourable for 
on-chip fine frequency timing over the life time of micromechanical resonators. 
Passive tuning methods in contrast have successfully been proven to make coarse per-
manent changes in frequency [1]. Spring softening, after excessive laser milling, is an 
issue and needs to be addressed. Passive tuning methods are high in cost and low 
in device throughput. They are most likely to be used in post-fabrication tuning of 
micromechanical resonators, because of their ability to ensure the short term stability 
of micromechanical resonators without using high DC voltages and excessive on-chip 
power consumption. 
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In conclusion, a new non-destructive passive tuning method is needed to improve the 
short term stability and a low voltage active method to guarantee the long term stábil-
ity of micromechanical resonators. In practise, a reasonable approach is to use a passive 
method to perform coarse postfabrication frequency correction and an active DC volt-




Characterisation of a CMP 
based polishing process 
T
his chapter describes the characterisation of a Chemical Me-
chanical Polishing (CMP) based polysilicon polishing process to 
demonstrate a novel fabrication platform for micromechanical 
resonators. 
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4.1Introduction 
Capacitively actuated micromechanical resonators have several advantages, which ma-
kes them favourable for future single chip transceivers. Their most important proper-
ties are zero DC power consumption, built in switching, amenability to integration 
with CMOS electronics and the ability of interconnection to form micromechanical cir-
cuits for signal shaping and generation [83]. Despite their advantages, limitation of 
capacitively actuated micromechanical resonators still remain, which need to be ad-
dressed before devices can be used in large quantities in filters and oscillators in wire-
less transceivers. Two of these limitations include their complex costly fabrication and 
high intrinsic impedance. Complex fabrication in current resonator manufacturing 
processes increases the cost of devices, while high intrinsic impedances cause signal 
reflection, signal losses and phase noise, which reduce the Signal-to-Noise Ratio (SNR) 
and signal quality of low power communication equipment. A novel Chemical Me-
chanical Polishing (CMP) fabrication process was proposed (Fig. 1.2), which reduces 
fabrication complexity and impedance at the same time. This chapter describes the 
design and fabrication of a test chip used to investigate and characterise this Chemi-
cal Mechanical Polishing (CMP) based polysilicon polishing process to overcome the 
impedance and cost issues associated with capacitively actuated micromechanical re-
sonators 
4.2 Materials and Methods 
A key process for the fabrication of in-plane vibrating micromechanical resonators 
with planarised in and output electrodes is CMP polishing (Fig. 1.2). This process 
can be applied to a variety of resonator geometries included in a test chips design 
presented in Appendix C. To ensure successful integration of CMP planarisation into 
different micromechanical resonators, the polysificon polishing rate has to be charac-
tensed to provide high yield fabricated resonators with the same device performance 
across the Si wafer. 
4.2.1 CMP test masks 
To characterise CMP polysiicon polishing, a test mask is required which "simulates" 
the polishing of resonator features and their adjacent electrodes. In microelectronics, 
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other researchers have developed and used several test masks to determine the influ-
ence of the CMP polishing rate on the (i) area, (ii) pitch, (iii) density and (iv) aspect-
ratio of a pattern in a damascene process [118] (see Fig. 4.1). From this selection of 
designs, the density mask is the most suitable choice, since it represents a large varia-
tion in pattern density typically found on resonator test chips. Previously, these four 
masks have been tested on 1.5ym thick Si0 2 for inter-level dielectric damascene CMP 
and it was found that the polishing rate is most affected by density and less by area, 
pitch and aspect-ratio [119]. However, in case of resonator fabrication, a thicker (3ym) 
layer has to be polished to form planarised transducer electrodes. The study of the pol-
ishing characteristics of such thick layers is of interest, since it evaluates the suitability 
of the proposed CMP process for MEMS resonator fabrication. In addition it provides 
guidelines for the MEMS test chip designs for uniform high yield CMP planarisation. 
The density test mask itself is shown in Fig. 41(c). The pattern density (the ratio of 
etched Si area in each structure to the total area of each structure) on the mask was var-
ied ranging from 4% in the lower left corner to 100% in the top right corner. The pitch 
of each structure was 250ym 2 . The mask contained 25 structures each 2mmx2mm ar-
ranged in a 5 x 5 array. A 1mm wide buffer pattern surrounds the test pattern. This 
buffer reduces the interaction between neighbouring low and high density patterns of 
two adjacent dies on the wafer. 
4.2.2 CMP density mask fabrication 
The pattern on the mask is used to simulate the CMP fabrication of resonators with 
different sizes and spaces between them (Fig. 4.2). To do so, the density pattern is 
transfered into photoresist on six 76mm n-type < 100 > Si wafers. A STS DRIE ICP 
system is used to etch 2ym deep density patterns into the wafers in 1 minute. A 0.1ym 
thick thermal S10 2 is subsequently grown at 950°C to act as a sacrificial Si0 2 to pro-
duce small gaps. The gap width equals the thickness of the Si02 and can be controlled 
within University facilities to thicknesses as small as 0.Olym. To provide CMP polysi-
licon for the polishing experiments, a 3ym thick LPCVD polysiicon layer is deposited 
at 585°C and subsequently doped via Solid Source Diffusion (SSD) for 90 minutes in a 
LPCVD furnace at 1000°C. Dopants are activated using annealing in a N2 environment 
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Figure 4.1. CMP characterisation test masks. (a) Area, (b) pitch, (c) density and (d) aspect 
ratio mask. Each die is 12mm x 12mm. The density test mask is most suitable for 
analysing the polysilicon CMP polishing step, since it best represents the different feature 
size of resonators and varying spacing between them. The CMP density mask has a 
varying pattern density ranging from 4% to 100%. The test mask is surrounded by a 
buffer zone to reduce the influence of neighbouring dies during wafer polishing. The 
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To establish an estimate for the CMP polysilicon rate, two wafers with blanket depo-
sited 31im thick polysilicon are CMP polished using the recipe summarised in Table 
4.1. 
Parameter Units Stage 1 Stage 2 Stage 3 Stage 4 
Slurry - PL1509-35 PL1509-35 Dl Dl 
Slurry dilution - - - - - 
Slurry feed rate mI/mm. 90 90 175 - 
Chiller 	tempera- 
ture 
°C 10 10 10 10 
Pad rotation RPM 40 40 40 2 
Holder rotation RPM 40 40 40 2 
Back pressure bar - 0.3 - - 
Head supply pres- 
sure 
bar 0.25 0.6 0.25 0.15 
Polish time s 10 TBC 40 2 
Table 4.1. CMP recipe for polysilicon planarisation. The presented CMP polish recipe consists 
of four stages. The first and last stage are used to apply slurry to the wafer and to prevent 
stiction of the wafer to the polishing pad. The second and third stage are utilised for the 
polishing and cleaning of the wafer substrate. Wafer cleaning during CMP is performed 
using a combination of Tetra-Methyl Ammonium Hydroxide (TMAH) and deionised (Dl) 
water. 
4.2.3 CMP polishing experiments 
Wafers with blanket deposited polysilicon are polished for two minutes. The remain-
ing thickness on the wafers is measured at five points (centre, top, bottom, left and 
right) with a spectrophotometer. An average polishing rate of 0.651lm/ minute is ex-
h-acted from the thickness measurements. A CMP recipe with such a removal rate 
polishes a 31im thick polysilicon layer in approximately 5 minutes. This polishing time 
is not too long to affect the condition of the polishing pad and therefore the polishing 
rate. In semiconductor manufacturing, polishing times are usually kept short. In reg-
ular time intervals, the polishing pad is conditioned to provide a constant polishing 
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Trench 	DRIE Si etching TOP\ 	
/ 	 / n F- 
n-type <100> Si 
0.1pm thermal Si0 2 
3pm LPCVD polysilicon, 
Phoshorus doping and anneal 
CMP polysilicon polish 
1=I 
n-type <100> Si 
Figure 4.2. Process flow for CMP polysilicon polishing. Test wafers for CMP polysilicon p01-
ishing are prepared by DRIE etching the density pattern into the Si. The etched Si 
pattern simulates later the polishing of resonators with different dimensions and spacing 
between them. Sacrificial Si02 and polysilicon are deposited before CMP polishing. 
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rate over time. One challenge for the future would involve researching MEMS polish-
ing recipes, where even thicker layers (>101im) and therefore long polishing times are 
required 
The polysilicon thickness after polishing shows a centre-to-edge variation of 29.5% 
after polishing. The optimisation of the thickness uniformity across the wafer is not a 
priority for experiments carried out within this thesis. Of primary concern is the extrac-
tion of CMP polishing rates depending on the density pattern to provide a guideline 
for future MEMS test chip designers. 
To provide this information to MEMS designers, six patterned test wafers are pla-
narised for different times ranging from 1-6 minutes. Because the polysilicon polish 
is not uniform throughout the wafer, the layer thickness is measured on the four centre 
dies on each wafer. At these locations, the polysilicon thickness is assumed to be most 
uniform and a reliable conclusion could be drawn from these measurements with-
out being influenced by possible thickness non-uniformity as seen across the whole 
Si wafer. Polysilicon thickness measurements are performed before and after CMP 
on top of the etched Si features to extract the polishing rate (Fig. 4.3). To extract the 
polishing rate, the polysilicon thickness is measured on each die for pattern densities 
ranging from 16% to 100%.  It is not possible to obtain reliable thickness measurement 
data on top of smaller etched Si features, because of the large light spot size of the 
spectrophotometer. 
After CMP, wafers with fully planarised polysilicon are diced into individual dies. 
These dies are submerged into a NH4F CH3COOH solution to expose the 0.111m 
wide gap, which is defined by the width of sacrificial thermal S102. Exposed gaps are 
observed using a Hitachi S 4500 SEM. 
4.3 Results and Discussion 
Fig. 4.4 presents the CMP polysilicon polishing rate on top of etched Si features as 
a function of pattern density. Data for longer polishing times (4-6minutes) was not 
included, because polysilicon was completely removed for low density features. 
It is evident from Fig. 4.4, that the CMP removal rate is dependent on pattern density 
and time. The observed time dependent polysiicon polishing rate characteristic can 
be explained using Preston's law (see Eq. (2.30)). When deposited, the polysilicon 
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polysilicon thickness measurement 
on top of etched Si features 




removed 	 CMP removal 
Etched trench Top of etched Si structure 
F1 Polysilicon 
F-I SiQ 
Figure 4.3. Extraction of the CMP polysilicon polishing rate. The CMP polishing rate is 
extracted for different pattern densities from the measured polysilicon thickness on top 
of etched Si feature and the polishing time. The CMP polysilicon polishing rate is the 
ratio of removed thickness and polishing time. Polysilicon thickness on top of the etched 
Si features is extracted from spectrophotometer measurements. 
area contacting the polishing pad is small and as result of the characteristic surface 
topography. In this case, the pressure of the polishing pad is a high and polysiicon is 
removed at a high rate. Once the polysilicon is planarised and a uniform flat surface 
is achieved, the force per unit area decreases and consequently the polishing rate is 
reduced. Once, the polysilicon has been planarised in high density areas, the polishing 
rate gradually levels to the value close to those found for blanket deposited wafers. 
The pattern density dependence of the polishing rate can also be explained by Pre- 
ston's law. The polishing rate is dependent on the pressure the polishing pad imposes 
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Figure 4.4. Polysilicon polishing rate as a function of pattern densities. Polysilicon polishing 
rate on top of etched Si features as a function of pattern density for different polishing 
times. The CMP removal rates decrease with progressing polishing times and increasing 
pattern density. Data for longer polishing times (4-6minutes) was not included into this 
graph, because polysilicon was completely removed for low density features. 
onto the surface. Low density patterns have a small area and the polishing rate is high. 
With increasing density, the area of the etched Si features increases and the polishing 
rate consequently drops. Note, a similar pattern dependent removal rate is also experi-
enced during DRIE etching [56], where a so called microloading effect removes silicon 
faster in large mask opening areas compared to smaller ones. This effect can also be 
greatly reduced and a etch uniformity improved by proper mask design [56]. 
After 3 minutes of CMP polishing, a wafer with fully planarised polysilicon was diced 
and individual dies etched in NI-L,F CH3COOH for 125 minutes. After etching, dies 
were cleaved and inspected using a Hitachi S 4500 SEM. Fig. 4.5 displays the removed 
Si02 in a 0.1im wide gap. 
Fig. 4.5 shows fully planarised polysilicon with an adjacent etched Si feature. Si and 
polysiicon are separated by a 0.1ym wide gap. The gap width itself varies with the 
vertical and horizontal orientation of the Si02. This variance is a result of the oxi-
dation rate dependence with the crystallographic orientation of the Si substrate [97]. 
Note, this is not an issue for polysilicon resonators, since transducer gaps are defined 
by the Si02 width at the sidewalls alone. At these locations, the crystallographic ori-
entation in polysilicon does not change and therefore the Si02 is most likely to be 
constant. The observed Si sidewall scalloping is a result of the DRIE BOSCH process 
that was used. This sidewall profile, however, is undesirable in polysfficon resonators, 
Page 59 
Si orientation dependent gap width 
4. 
Chapter 4 	 Characterisation of a CMP based polishing process 
Figure 4.5. SEM image of planarised CMP test pattern with removed sacrificial Si02 in a 
lOOnm wide gap. Planarised polysilicon is clearly visible. Sacrificial Si02 in the gap was 
etched for 125 minutes in NH4F : CH3COOH. Note, the non-uniform gap width. This 
is a result of the dependence of the oxidation rate onto the crystallographic orientation 
of the Si substrate. The Si sidewall profile shows scalloping, which is characteristic for 
a DRIE BOSCH process. 
because it reduces the effective electrode-to-resonator area, which causes a decrease in 
electromechanical coupling. Recall from Eq. (2.19), a reduction in electromechanical 
coupling reduces the output current and increases the impedance of the resonator. 
As the purpose was to demonstrate the CMP process, it should be noted that the DRIE 
etch was not optimised to minimise scalloping, or to achieve vertical sidewalls. For the 
development of planarised resonators devices a RIE, ion mill or a recently developed 
DRIE [75] process would ensure a scallop free sidewall. 
4.4 Conclusions 
In this chapter, a CMP test chip was used to examine the polysilicon polishing rate for 
different pattern densities. It was found, that the CMP polysilicon polishing rate is 
strongly dependent on the pattern density and polishing characteristics determined in 
semiconductor research are also valid for thick polysiicon layers [1191. These results 
suggest, that MEMS test chip designs should contain an equal pattern density to ensure 
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a uniform polishing rate across the wafer. One way to achieve this is to fill empty areas 
between resonator devices on the test chip design with CMP "dummy" structures to 
achieve a constant CMP removal rate and throughout the test chip. 
This is a common techrtiques in semiconductor manufacturing to ensure a uniform 
polishing rate across the wafer [62]. An improved uniformity in polysilicon thickness 
across the wafer would reduce the amount of over-polishing and therefore possible 
dishing, processing time and cost. SEM images of planarised wafers indicate, that a 
dry etch process for thick polysilicon has to be developed to provide straight vertical 
sidewalks, which avoids the observed Si sidewall scalloping profile. Such a process en-
sures that electromechanical coupling is not affected by the dry etching of the resonator 
shape. 
In conclusion, the CMP polishing experiments suggest, that MEMS test chips with 
a equal pattern density ensure an uniform CMP polysilicon removal rate across the 
sample. A uniform pattern density can be provided by CMP dummy structures. 
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resonators 
T
his chapter describes the layout and fabrication of rnicromechan-
ical resonators to characterise FIB Pt and electrochemical Ag de-
posited tuning. 
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5.1 Introduction 
Micro Electro Mechanical Systems (MEMS) resonator technology benefits from new 
frequency tuning methods, because these would bring performance improvements, 
cost reductions and power savings in future multi-band wireless transceivers. How-
ever, before these methods can fuel modem communication equipment with these ad-
vantages, the proposed frequency tuning methods have to be investigated for their 
suitability in modern transceivers, their characteristics studied, analysed and sugges-
tions made for their improvement. One way to investigate the suitability of modern 
resonator frequency tuning methods is to use different test structures arranged on sili-
con chips. Test structures have been developed and extensively used in semiconductor 
and MEMS research to monitor and characterise fabrication processes or device be-
haviour. Information extracted from different test structures find application in areas 
ranging from process development, parameter extraction, yield analysis to material 
and process characterisation. 
This chapter describes the design and fabrication of two test chips containing microme-
chanical cantilever beam and bridge resonators used to investigate the suitability of 
Focused Ion Beam (FIB) platinum (Pt) and electrochemical silver (Ag) deposited freq-
uency tuning. Manufactured resonator structures from these test chips are physically 
characterised and presented. At the end of the chapter, results are summarised and a 
conclusion is made. 
5.2 Materials and Methods 
Two test chips, containing micromechanical cantilever beam and bridge resonators, 
have been designed to evaluate FIB Pt and electrochemical Ag deposited frequency 
tuning. The reason to use micromechanical resonators is threefold: (i) They are simple 
structures and mechanically well understood, (ii) easy to fabricate and (iii) sensitive to 
changes in deposited mass and stiffness [33]. These properties makes them ideal test 
structures to demonstrate and characterise the two proposed tuning methods. This 
section describes the design and the associated fabrication processes of these resonat-
ors. 
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5.2.1 First resonator test chip 
The first test chip consists of three masks and is used to integrate an Ag deposition 
scheme with micromechanical bridge resonators for the purpose of frequency tuning 
(see Fig. 5.1). The Ag deposition scheme consists of a Ag loaded solid electrolyte, 
used as a transport medium for deposited Ag; an Ag anode to provide ions for the 
deposition process; and aluminium (Al) contacts to electrical connection and control of 
the tuning process. 
Mask one of the test chip defines arrays of four bridge resonators, which are used to 
analyse Ag deposited frequency tuning (see Ch. 8). The bridges are available in two 
different widths of 15ym and 20ym and length their range from L=75ym to 200pm. The 
widths of resonators are larger than the laser spot size (5ym) of a vibrometer to ensure 
sufficient reflection during frequency measurements (Ch. 6 and Ch. 8). The lengths of 
bridges are designed to be long enough to generate resonant frequencies lower than 
provided by the signal generator (0 < f 15MHz), which is used for the vibration 
actuation. 
The other two masks are used to produce Al electrodes and an Ag anode. Note, the 
latter two are shadow masks and used after resonator fabrication to avoid the contam-
ination of the Edinburgh silicon processing facilities with Ag. The production of the 
Al contacts and Ag anode is performed at Arizona State University, where there are 
Ag processing facilities available. To ensure electrical connection and packaging of the 
manufactured test chips, the size of Al contacts (2mm x 2mm and 9.5mm x 2.3mm) and 
Ag anode (8.5mmx2mm) are chosen to be large enough to allow their attachment with 
wire bonds using silver epoxy glue in case of unsuccessful bonding. 
The fabrication of the bridge arrays is shown in Fig. 5.2. Fabrication of the resonators 
starts with the thermal growth of 0.1ym thick adhesion Si02 layer on n-type < 100 > 
Si wafers. Over the adhesion layer a 2.3ym thick Plasma Enhanced Chemical Vapour 
Deposition (PECVD) Si02 sacrificial spacer and 1jm Low Pressure Chemical Vapour 
Deposition (LPCVD) structural polysiicon layer is deposited. In order to reduce stress 
in the polysilicon, the wafers are annealed at 1100°C in N2 for lhour. The first mask is 
employed to photolithographically pattern the wafer and and Reactive Ion Etch (RIE) 
the polysiicon to form the bridge resonators. To form free standing bridge resonators, 
devices are released by wet chemical removal of the sacrificial Si02 using hydrofluoric 
acid (HF) and subsequently supercritical point dried using carbon dioxide (CO2). 
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Figure 5.1. First test chip design for the characterisation of Ag deposited deposited freq-
uency tuning. The figure shows the test chip design with three masking layers. The 
enlargement of the the designs clearly highlights the first mask defining the microme-
chanical bridge resonators, and the latter two realised as shadow masks to produce an 
Ag anode and Al contacts. Al contacts and Ag anode were chosen to be sufficient large 
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Figure 5.2. Resonator process flow for the first test chip. Process flows of micromechanical 
polysilicon resonators for electrochemical Ag deposited frequency tuning. Fabrication of 
free standing bridge resonators involves the deposition and selective etching of sacrificial 
Si02 and structural polysilicon. 
After polysilicon resonator release, wafers are diced into individual chips and shipped 
to Arizona State University, where a combination of thin film evaporation and two 
shadow masks are used to integrate an Ag deposition tuning scheme with the man-
ufactured polysilicon bridge resonators [26]. Fig. 5.3 summarises the integration pro-
cess. 
Note, no wet processing is used in subsequent processing steps to avoid damage and 
stiction of the released polysilicon bridge resonators. The released polysiicon bridge 
resonators are blanket deposited with a 80nm thick chalcogenide glass Ge03Se07 film 
using an Edwards evaporation system. This is followed by 15nm of Ag, which is photo-
diffused into the glass to form the solid-electrolyte (Fig. 5.3a-b). Photodissolution takes 
place using 405nm UV light at a power density of 3.9mW/cm 2 for 20 minutes (Fig. 5.3c) 
on a Karl Suss mask aligner (see also Ch. 8). The Ag thickness is chosen to complete 
diffuse into the glass to avoid removal of excess Ag via wet chemical etching. Fur-
thermore, the undercut of the bridge resonators ensures that the electrolyte on top of 
the resonators and on the silicon substrate are electrically isolated. A 50nm thick Ag 
anode and 500nm thick Al contacts are produced by a Edwards evaporator using the 
two designed shadow masks (Fig. 5.3d-e). 
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LPCVD polysilicon (1pm) @ 585 	
Chalcogenide glass (80 nm) + Ag (15 rim) deposition 
InI 
Silicon dioxide (2pm) Silicon (n-type, 380pm thick) 
Photodissolution of Ag (20 nn.) uv Ag deposition (SOnm) through shadow mask 
(c) 	IMIIMIIIIILI 	(d)  
Aluminium deposition (SOOnm) through shadow mask 
(e)  
Figure 5.3. Integration process sequence for tunable silver deposit. The integration of the 
Ag deposition mechanism is performed after polysilicon bridge resonators fabrication. 
The integration of the Ag deposited tuning scheme involves the deposition of the solid 
electrolyte and the definition of the Ag anode and aluminium electrodes using two 
shadow masks. 
5.2.2 Second resonator test chip 
The second test chip contains one mask of six cantilever beam and bridge resonator 
arrays used for the analysis of FIB Pt deposited frequency tuning (Fig. 5.4). In addition, 
Fig. 5.4 shows single enlarged cantilever beam and bridge designs together with a 
3 dimensional schematics describing the appearance of devices after fabrication. All 
resonators have a width of 151im and lengths ranging from 25ym to 250ym [50]. The 
width of the resonators is designed to be larger than the spot size of the detection laser 
(5i,m) in a vibrometer, which is used for frequency measurements (Ch. 6). The length of 
the resonators is determined by the frequency range (0 < f < 15MHz) of the function 
generator. 
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Cantilever design from of array 
Mask design for 	
Fabricated cantilever beam 
FiBtuning 	
(/' 7W.4  
.---- 	 I 
	
-... 	 Bridge design from of array 
Fabricated bridge resonator 
Figure 5.4. Test chip design for the characterisation of FIB platinum deposited frequency 
tuning. The figure shows the mask design of the second test chip with cantilever beam 
and bridge resonator arrays. The enlargement of the the design clearly shows examples 
of 20014m long bridges cantilever together with 3 dimensional schematics describing the 
appearance of resonators after fabrication. 
The fabrication process of polysiicon beam resonators is outlined in Fig. 5.5. Process-
ing of the second test chip starts with the thermal growth of 0.lym thick Si02 on n-
type < 100 > Si wafers at 950°C. The thermal Si02 serves as an adhesion layer for the 
2.3ym thick sacrificial PECVD Si02, which is subsequently deposited onto the wafers. 
The sacrificial Si02 is densified at 950°C in a N2 environment for one hour. This is 
followed by the deposition of a 2.3ym thick polysilicon layer at 585°C, which serves 
as the structural material for the beam resonators. The polysilicon is then phosphorus 
doped using Solid Source Diffusion (SSD) at 1000°C in N2 for 90 minutes. 
An 0.5ym thick PECVD Si02 hard mask is deposited on the polysilicon and annealed 
at 1100°C in N2 for 1 hour together with the polysiicon to relieve stress and activate 
dopants. The hard mask and polysilicon are etched using a combination of RILE and 
DRIE etching to form the resonators. Resonators are released by a wet etching in HF 
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O.lpm thermal Si0 and 
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n-type Si 
2.3pm LPCVD potysilicon 
/ phosphorus doping and anneal 
n-type Si 
0 5pm PECVD SiO 
(d) 	Polysilicon and Sf0, dry etch 
(e)- 	HF release etch 
1 	" !!ntype Si 
n-type Si 
Figure 5.5. Resonator process flow for the second test chip. Process flow for micromechanical 
polysilicon resonators used for FIB Pt deposited frequency tuning. Resonators are fabri-
cated using standard surface micromachining. This involves the deposition and etching 
of a sacrificial Si02 and polysilicon layer to form free standing cantilever and bridge 
resonators of various lengths. 
53 Results and Discussion 
Quantitative visual inspections on microfabricated beam and bridge resonators were 
performed using a SEM. For this purpose, samples were tilted to determine that all 
Si02 had cleared underneath the resonators. At the same time, resonators were anal-
ysed for possible out-of-plane bending. Note, because of the transparency of poiysili-
con under normal light, a standard light microscope was usually sufficient to observe 
any remaining Si02 underneath beam resonators. However, in the case of resonators 
being fabricated for FIB deposited tuning, the polysilicon was too thick to be transpar-
ent and had to be viewed under a SEM. SEM inspections were carried out for resonat-
ors made for FIB and Ag deposited tuning and are discussed below. In particular, to 
examine the quality of the integration of the Ag deposition scheme with bridge reso-
nators, samples were viewed in a SEM and FIB both before and after integration. 
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5.3.1 Fabricated polysilicon bridge resonators from test chip one 
Bridge resonators arrays were manufactured for Ag deposited tuning using the first 
test chip (Fig. 5.1). Fig. 5.6 and Fig. 5.7 both depict a 150ymx2Omx lym microfabri-
cated polysilicon bridge resonator from one of the microfabricated arrays both before 
and after integration of the Ag deposition scheme. 
The polysilicon bridge resonator before integration is shown in Fig. 5.6. The bridge 
resonator is straight and does not show any buckling. This suggests low residual stress 
in the polysilicon. However, deflection and frequency measurements have to be per-
formed to confirm these assumptions (Ch. 6). 
Fig. 5.7 shows a 150m x 20 1um x 11tm polysilicon bridge resonator after the integration 
of an Ag deposition scheme. The misalignment of the Ag anode and Al cathode is 
clearly visible and covers the polysilicon bridge over several tens of microns. The 
observed misalignment is a result of the manual alignment of the shadow mask over 
the polysilicon bridge samples. Depending on the degree of the misalignment, the 
resonant frequency of bridges before Ag deposited tuning is influenced to different 
degrees. 
Hence, it is clear the observed misalignment needs to be reduced to achieve reproduce 
able Ag deposited tuning with minimal influence on the Q-factor. One way to reduce 
the misalignment is is to use micromachined shadow masks with built in alignment ca-
pability [76]. This would avoid unwanted bridge coverage with Ag and Al and would 
not require additional cleanroom facilities. 
Another way to substantially reduce the misalignment is to use standard photolithog-
raphy to pattern and subsequently etching the Ag anode and Al contact. However, 
cleanroom facilities need to be available, which allow this post-processing and can to!-
erate Ag contamination. 
In addition to the reduction in alignment issues, photolithographically patterning of 
the Ag anode and Al contacts increases yield, since device are not brought in direct 
contact with the masks during pattern definition. In contrast, pattern definition using 
shadow mask requires direct contact between resonators and mask, which has consid-
erably affected the yield and only a small number of samples were available for Ag 
deposited tuning. However, shadow mask techniques seemed to sufficient to 1) pre-
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Figure 5.6. Polysilicon bridge resonator before uitegration of the Ag deposition scheme. 
SEM pictures of a released polysilicon beam (150 >< 20 x 11Im). The depicted polysi-
licon bridge resonator appears to be straight, suggesting low residual stress. A SEM 
picture of the whole beam array could not be obtained due to the large sample size of 
9.8mm x 9.8mm. 
Ag deposited tuning. Improvement on manufacture-ability and yield are subjects to 
further research. 
5.3.2 Fabricated polysilicon beam resonators from test chip two 
Micromechanical resonators fabricated from test chip two can be seen in Fig. 5.8. As 
can be observed, both polysilicon cantilevers and bridge resonators are straight and 
show no visible bending. This suggests low residual stress along the axis or through 
the polysilicon layer thickness. However, optical surface profiler and frequency mea-
surements measurement have to be performed to explore stress in the polysiicon re-
sonators further. 
5.4 Conclusions 
This chapter has reported on the design and manufacturing of polysilicon bridge and 
beam resonators from two test chips. The resonators are used in Ch. 7 and Ch. 8 for 
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Figure 5.7. Polysilicon bridge resonator after integration of the Ag deposition scheme. This 
FIB image shows a 150ymx2Otmx1im polysilicon bridge resonator with integrated 
Ag deposited tuning scheme. The Ag deposited tuning scheme includes a 80nm thick 
blanket deposited solid electrolyte, a SOnm Ag anode and 500nm thick Al electrodes. 
Note the use of shadow masks caused misalignment of the Al cathode and Ag anode. 
that resonators were fully released and show no visible bending. Small or no bending 
suggests low residual stress in the polysilicon. In addition, the use of shadow masks 
for the integration of an Ag deposition scheme in resonators from test chip one caused 
a reduction in yield and partial devices coverage with Ag and Al. The partial cover-
age is likely to cause a variability in mass frequency change between resonators and 
a reduction in the mechanical Q-factor. The former results in a reduction in tuning 
repeatability. However, frequency and deflection measurements have to be performed 
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Figure 5.8. Arrays of polysilicon micromechanical beam resonators. SEM images of manufac-
tured polysilicon micromechanical resonator beam arrays showing (a) cantilevers and 
(b) bridges. 
In conclusion, the presented polysilicon surface micromachining process is capable to 
produce free standing and released beam and bridge resonators ready for the charac-
terisation of FIB and Ag deposited tuning. The use of shadow masks to integrate an 
Ag deposition scheme into polysilicon bridge resonators reduces the yield and is most 
likely to decrease the tuning repeatability mechanical Q. However, frequency and de-








his chapter describes the testing of inicromachined polysiicon 
cantilever and bridge resonators. The chapter is divided into 
two parts. In part one, the optical characterisation workstation 
is described. In part two, this workstation is used to characterise polysilicon 
resonators fabricated from two test chip designs and experimental results 
are presented and discussed. 
Page 74 
Chapter 6 	 Characterisation of micromachined MEMS resonators 
6.1Introduction 
Microfabrication related effects, such as variations in Young's modulus or biaxial stress, 
change the resonant frequency of polysilicon resonators by varying degrees. Analys-
ing these effects is important to determine and optimise the quality of a fabrication 
process and to evaluate Finite Element Method (FEM) models, which describe the dy-
namic behaviour of manufactured resonators. 
In this chapter, an optical workstation was used to extract biaxial stress and Young's 
modulus from deflection and frequency measurements on manufactured polysilicori 
resonators (Ch. 5). The analysis of these values helped to determine the quality of 
the polysilicon fabrication process and to evaluate FEM - models, which were used 
to describe the FIB and Ag deposited frequency tuning of manufactured polysilicon 
resonators (Ch. 7 and Ch. 8). 
6.2 Optical workstation 
The equipment used to analyse micromachined polysilicon cantilever and bridge re-
sonators was an optical workstation [45]. The advantages of optical testing are the 
non-destructive character and the high signal to noise ratio of measured vibration sig-
nals. 
The optical workstation is a combination of a Zygo surface profiler, a Polytech laser vi-
brometer and a Nd:YAG ablation laser (Fig. 6.1). Assembling these optical components 
into a workstation avoided the transfer of samples between different measurement 
sites and provided the user with various testing possibilities [34, 44]. For example, 
while a Zygo white light surface profiler was used to perform static measurements, a 
Polytech laser vibrometer was utilised for frequency measurements. To perform these 
measurements, the output of a Charge-Coupled Device (CCD) camera was used to 
move between different samples and focus onto the resonator surface. 
A Zygo NewView 5020 white light interferometer was used to perform static deflec-
tion measurements on fabricated micromechanical cantilever and bridge resonators. 
To measure the deflection, a lox Mirau objective was used, which gave a horizontal 
resolution of lym. During deflection measurement, the surface of each resonator was 
scanned and a picture returned with 640 x 480 data points. The vertical resolution of 
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Figure 6.1. Schematic and photograph of an optical workstation. (a) A schematic of the 
workstation shows the Zygo surface profiler and the Polytech laser vibrometer. The 
Nd:YAG ablation laser is omitted from the schematic, because it was not used for any 
of the experiments in this thesis. However, for clarity the photograph in (b) shows all 
the main components of the workstation [45]. The output of a CCD camera was used 
to move between different devices and to bring the sample surface into focus for surface 
profiler and vibration measurements. Surface profiler and frequency data was stored on 
a designated PC. (Photograph courtesy of John Hedley, University of Newcastle, UK). 
Page 76 
Chapter 6 	 Characterisation of micromachined MEMS resonators 
A Polytech HeNe laser vibrometer was used to measure the out of plane resonant freq-
uency of vibrating polysiicon cantilevers and bridge resonators. To measure the res-
onant frequency of a vibrating resonator, a HeNe laser beam from a Polytech OFV 
501 single mode optic fibre interferometer was split into a reference and measurement 
beam, shown in Fig. 6.2. The measurement beam was directed onto the surface of a 
moving object (a cantilever or bridge resonator), while the reference beam was passed 
through a frequency shifting Bragg cell. Both beams were combined at a beam splitter 
(BS3) and converted into an electrical output voltage, which was passed to a Polytech 
OVF 3000 RF signal processing unit. In the signal processing unit, an output signal was 
produced from the detected voltage, which was proportional to the velocity and dis-
placement of the vibrating resonator. The output signal from the RF unit was fed into 
a dual channel 8bit ADC card to display the resonator frequency spectra in a Labview 






Figure 6.2. Schematic of a laser vibrometer measurement. During a vibrometer measurement, 
a HeNe laser beam was split into a reference beam and measurement beam. The reso-
nant frequency was determined from the Doppler shift between these two beams [45]. 
(Picture courtesy of John Hedley, University of Newcastle, UK). 
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6.3 Characterisationof MEMS resonators 
Polysilicon cantilever and bridge resonators, fabricated from two different test chip 
designs (Ch. 5), were glued to copper disks in preparation for static and dynamic char-
acterisation. The characterisation of cantilever and bridge resonators involved: 
. deflection measurements to determine residual stress 
. resonant frequency measurements 
A Zygo white light surface proffler was used for deflection measurements of individual 
or groups of cantilever and bridge resonators. The deflection was measured at the free 
end of cantilevers and middle of bridges with respect to a previously defined reference 
plane at the anchor region of the resonators. 
In order to avoid air damping, frequency measurements on polysjlicon resonators were 
performed in a vacuum with a constant pressure of 20ybar. For vibration actuation, 
resonator samples glued to copper disks were attached to a piezoelectric disk using 
wax (Apiezon Wax W100). The laser vibrometer was focused onto the surface of poly -
silicon cantilevers and bridge resonators to detect the resonance. Resonance was pro-
duced by applying an Alternating Current (AC) actuation voltage with a predefiried 
frequency range to the piezoelectric block. The detected resonator vibration amplitude 
was displayed as a function of the scanned frequency in a Labview integrated spec-
trum analyser. The resonant frequency of a polysilicon cantilever or bridge resonator 
was extracted from these recorded frequency spectra and used in FEM simulations to 
determine the Young's modulus and biaxial stress of polysilicon. 
6.3.1 Deflection measurements 
This section reports on out-of-plane deflection measurements of micromachined poly-
silicon resonators manufactured from two test chips. 
Resonator from test chip one 
The deflection of undoped polysilicon bridge resonators is plotted as a function of 
length in Fig. 6.3(a). An example of a surface profile scan for a 200imx20ymx1ym 
polysilicon bridge resonator is shown in Fig. 6.3(b). 
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The surface profile in Fig. 6.3(b) shows the polysilicon bridge with severe upward de-
flection (buckling). Buckling was observed on all manufactured bridges, which sug-
gested biaxial compressive stress in the undoped polysiicon [31]. 
However, wafer curvature measurements found tensile biaxial stress for undoped po-
lysilicon deposited at 585°C (Fig. B.4). In these experiments it was found that biaxial 
stress of undoped polysilicon was strongly dependent on the deposition temperature 
inside the furnace (Fig. B.4). During this work, the polysilicon furnace tube had to be 
replaced several times. It was noted at a later point in this project, that temperature 
sensors located at the perimeter of the tube were not accurately installed, which re-
sulted in incorrect temperature readings. Inaccurate sensing caused a shift (AT=15°C) 
in deposition temperature and in biaxial stress from tensile to compressive. 
The presence of compressive biaxial stress caused buckling, which was detected thr-
ough the midpoint deflection of polysilicon bridge resonators (Fig. 6.3(a)). Fig. 6.3(a) 
shows the measured bridge midpoint deflection, which increased linearly with the 
resonator length. Standard mechanics literature, however, shows that the bridge mid-
point deflection is inversely proportional to length in the transition from pre- to post-
buckling [20, 37]. This discrepancy was a result of imperfections in the polysilicon, 
which is not accounted for in standard buckling models. Sources of imperfections in-
dude stress variations through the polysilicon film thickness, curvature of the wafer 
and slight changes in resonator cross section along the length. These imperfections 
produced the observed linear increase in midpoint deflection in the transition from 
the pre- to the post-buckling. The experimentally obtained linear relationship between 
midpoint deflection and bridge length agreed with the literature [31]. 
To show the presence of imperfections in the polysiicon layer, a surface proffler scan 
was taken at the anchor of a 150ym x 20ym x 1im polysilicon bridge (Fig. 6.4). The 
surface profiler scan shows an anchor region deflection, which continuously increased 
over a distance of 18tm with a maximum value of 35nm. The distance of the detected 
deflection equaled an etch undercut, which originated from the wet chemical release 
etch of the underlying sacrificial PECVD Si0 2 layer. 
The detected upward deflection of the anchor region suggested a tensile stress gradient 
through the polysilicon film thickness, which acted as an imperfection of the bridge 
resonators and caused a linear increase in midpoint deflection with length. 
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Figure 6.3. Measured bridge resonator midpoint deflection. (a) Measured resonator mid-
point deflection as a function of length. (b) Surface profiler plot of a buckled 
200p mx 2Oym x 1pm polysilicon bridge resonator. The buckling suggested corn pressive 
biaxial stress in the polysilicon. The deflection of polysilicon bridge resonators decreased 
in a linear fashion with their length. Standard mechanical models describe an inverse 
rise in deflection with length in transition between pre-to post-buckling [20, 37]. The 
reason for this discrepancy was imperfections in the polysilicon, which produced the 
observed linear relationship between midpoint deflection and bridge length [31]. The 
presented linear relationship agreed with the one published elsewhere [31]. 
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Figure 6.4. Measured polysilicon anchor deflection. The measured anchor deflection of a 150i,ni 
x 20im x 1pm bridge resonator suggested a tensile stress gradient through the po-
lysilicon film. The tensile stress gradient acted as an imperfection, which caused a 
linear increase in midpoint deflection with bridge resonator length. An etch undercut of 
18pm±1pm was extracted from the deflection of the polysilicon anchor region. 
Resonator from test chip two 
Fig. 6.5 depicts the deflection of phosphorus doped polysilicon cantilever and bridge 
resonators as a function of their length. Included in the measurement data are surface 
scans of 200pm x 151im x 2.31im cantilever and bridge resonators. 
Both cantilevers and bridges showed an upward deflection, which suggested a tensile 
stress gradient through the polysilicon layer. The stress gradient, 0gradieiit'  through the 
polysilicon layer relates to the measured tip deflection, ôca7j tj! jer, of a cantilever beam 
with length L and thickness t [321: 
Epoiytöca,i tilever 
gradient = 	L2 	 (6.1) 
The measured cantilever tip deflection changed in a linear fashion with length. How-
ever, Eq. (6.1) defines a quadratic relationship between tip deflection and beam length. 
This indicated a variation in °adjent  for different locations on the sample. To further 
investigate this variation, Eq. (6.1) and the measured tip deflections were used to de-
termine an average tensile stress gradient of +2.7MPa± 1MPa. The calculated variation 
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Figure 6.5. Measured resonator deflection. Deflection of phosphorus doped polysilicon (a) can-
tilevers and (b) bridges as a function of their length. The deflection was measured at 
the tip of cantilevers and middle section of bridges. The surface scans showed a slight 
upward deflection of a 200pm x 1514m x 2.3pm cantilever and bridge, suggesting a slight 
tensile stress gradient in the polysilicon layer. Note that the slight anchor rotation in 
(a) suggested compressive axial stress in the polysilicon [32]. 
in the stress gradient throughout the sample was the reason for the deviation from the 
quadratic relationship between tip deflection and cantilever beam length. 
The slight rotation at the anchor of the cantilever beam (Fig. 6.5(a)), suggested a com-
pressive axial stress in the polysilicon [32]. However, frequency measurements on 
bridge resonators needed to be performed to confirm these findings. 
Bridges experienced a similar slight upward deflection to cantilevers, which confirmed 
the presence of a small tensile stress gradient through the polysilicon film thickness 
(Fig. 6.5(b)). 
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To further prove the existence of the stress gradient, deflection measurements were 
performed at the anchor region of a 150ym x 15ym x ljim bridge resonator (Fig. 6.6). 
The deflection slope of the polysilicon anchor shown in Fig. 6.6 extended over a dis-
tance of 28m with a maximum displacement of 55nm. The extent of this deflection 
indicated an etch undercut of 28,um+1ym and a slight tensile stress gradient through 
the polysilicon film. 
Figure 6.6. Measured polysilicon anchor deflection. The measured anchor deflection of a 1501m 
x 20irn x lILm  bridge resonator suggested a tensile stress gradient through the po-
lysilicon film, which was previously explored in cantilevers displacement measurements. 
An etch undercut of 28ym±1jm was extracted from the extent of deflection of the 
polysilicon anchor region. 
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6.3.2 Frequency measurements 
Resonators from test chip one 
The measured resonant frequency of undoped polysiicon bridge resonators manu-
factured from the first test chip is presented in Fig. 6.7 along with results from FEM 
simulations. Results from FEM simulations were matched to experimental results to 
find polysilicon biaxial stress in the bridge resonators. To match FEM results with ex-
perimental data, a temperature gradient was applied between bottom and top side of 
the bridges to generate initial bridge buckling. Once the buckling agreed with mea-
sured bridge deflections, the biaxial stress was applied to the bridge resonators until 
their resonant frequencies matched those from the experiments. The simulations as-
sumed an etch undercut of 181im a polysiicon Young's modulus of 160GPa [741. 
2000. 
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Figure 6.7. Resonant frequency as a function of bridge resonator length. The measured reso-
nant frequency decreased linearly with bridge length (L). Results from FEM simulations 
deviated from the measurement data and predicted a fall in resonant frequency with a 
behaviour. This difference was believed to be a result of stress relief in glue, which 
was used to mount the resonator sample to the copper disk (Ch. 7). Softening and 
hardening of the glue during and after sample attachment caused stress in the polysili-
con bridges, which altered their resonant frequency over time and caused the deviation 
between measurements and simulations. 
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The measured resonant frequency in Fig. 6.7 decreased linearly with rising bridge res-
onator length. In contrast, FEM simulation followed a 1 relationship. The discrepancy 
between measurement and simulations was believed due to stress relief in glue, which 
was used to attach the polysilicon resonator sample to a copper carrier plate (Ch. 7). 
The stress relief in the glue caused a change in bridge resonant frequency and the 
observed difference to the FEM simulations. Despite the observed discrepancy, a com-
pressive biaxial stress of 60MPa was extracted from FEM simulations and confirmed 
assumptions made during the deflections measurements. It should be noted at this 
point, that the influence of the stress relief in the glue on the bridge resonant frequency 
was observed at the very end of this project and a full investigation could not be per-
formed due to the limited time available. The future work, which needs to be done is 
discussed in the concluding chapter of this thesis. 
Resonators from test chip two 
Fig. 6.8 presents the measured resonant frequency of phosphorus doped polysilicon 
cantilever and bridge resonators as a function of length (L) and compares them with 
results obtained from FEM simulations. FEM simulations were matched to experimen-
tal results in order to extract Young's modulus and biaxial stress in the phosphorus 
doped polysilicon. Note that FEM simulations included a measured etch undercut of 
281m for polysilicon cantilever and bridge resonators. 
The measured and simulated resonant frequencies of cantilevers and bridges were in 
good agreement and decreased as expected with a relationship (Fig. 6.8). 
FEM cantilever simulations were used to extract the Young's modulus, since their res-
onant frequencies were not affected by the biaxial stress. From these simulations, a 
Young's modulus of 135GPa for phosphorus doped polysilicon was extracted, which 
was slightly lower than that reported for undoped polysilicon [74]. The decrease in 
Young's modulus with the introduction of phosphorus has also been observed by 
other researchers [66]. However, a plausible explanation for the reduction in polysili-
con Young's modulus with increasing phosphorus doping concentration has not been 
given [66]. 
Once the polysilicon Young's modulus was known, further FEM simulations were per- 
formed to extract polysilicon biaxial stress. Simulations found a compressive biaxial 
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Figure 6.8. Resonant frequency as a function of resonator length. Measured and simulated 
resonant frequencies of phosphorus doped polysilicon (a) cantilevers and (b) bridges. 
FEM simulations were matched to experimental results to extract polysilicon Young's 
modulus and biaxial stress. Note that measured and simulated resonant frequencies 
decreased with the expected Ly relationship. 
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during the deflection measurement in Sec. 6.3.1. The compressive biaxial stress in the 
polysilicon was a result of the phosphorus doping [91] (Appendix B). 
Note, the maximum measured variation in resonant frequency for polysilicon can-
tilevers and bridges was 0.95% and 22%, respectively. As observed in case of polysili-
con bridges from test chip one, the large frequency variation in bridges was believed to 
be a result of stress relief in glue used to attach the resonator sample to a copper carrier 
plate onto the piezoelectric block. The investigation of stress relaxation in mounting 
glue is future work. 
6.4 Conclusions 
This chapter has described the test equipment and the characterisation of micromach-
ined polysilicon resonators fabricated from two test chips. The optical workstation 
used to perform all testing included a Zygo surface proffler to perform static deflection 
and a HeNe laser vibrometer to undertake frequency measurements on all polysiicon 
cantilever and bridge resonators. 
Testing of polysilicon bridge resonators from the first test chip involved deflection and 
frequency measurements. Deflection measurements showed excessive buckling in the 
undoped polysiicon bridges and suggested a combination of a compressive biaxial 
and stress gradient. The presence of biaxial stress was confirmed by frequency mea-
surements and FEM simulations. The measured resonant frequency deviated from 
FEM simulations, which was believed due to the effect of stress relief in glue. Despite 
the difference between measurements and simulations, a biaxial compressive stress of 
60MPa was extracted. Note that measurement results were based on one sample only 
and the effect of glue stress relief was discovered at the very end of this project. Hence, 
a full investigation into the influenced of glue stress relief was not pursued due to the 
limited time and number of samples available. The investigation of the stress relief is 
future work. 
Deflection measurements on polysilicon cantilevers and bridges fabricated from the 
second test chip did not show the excessive deflection seen for devices from the first 
test chip. An average tensile stress gradient as low as 3MPa was determined from 
cantilever tip deflection measurements, while FEM resonator simulations extracted a 
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Young's modulus of 135GPa and a compressive biaxial stress of 30MPa. Heavy phos-
phorus doping caused the compressive biaxial stress in the polysiicon. The develop-
ment of compressive stress with increasing phosphorus doping was reported in the 
literature [91] and experimentally confirmed by curvature measurements on blanket 
deposited films (Appendix B). The value that was extracted for the Young's modu-
lus was lcwer than values found for undoped polysiicon [74]. However, it has been 
reported elsewhere that phosphorus caused a reduction in Young's modulus [66]. 
In conclusion, compressive biaxial stress was found in polysiicon resonators from two 
test chips. Excessive compressive biaxial stress can significantly alter the resonant freq-
uency of micromechanical resonators, which would make them unsuitable for filter 
and oscillator applications. Part of this PhD project involved the process optimisation 
of polysilicon deposition and biaxial stress. To reduce biaxial polysilicon stress, ten-
sile undoped polysilicon was used and phosphorus introduced to make films more 
compressive. By balancing the phosphorus concentration in polysilicon, films with a• 
biaxial stress as low as 5MPà were produced (Appendix B). In reality, however, some 
biaxial stress always remains in the polysilicon, which causes shifts in the resonant 
frequency of micromechanical resonators. Hence, a tuning method has to be available, 




frequency tuning by FIB 
platinum deposition 
T
his chapter characterises and demonstrates Focused Ion Beam 
(HB) platinum (Pt) deposition for the purpose of frequency hm-
ing of micromechanical SIC and polysilicon resonators. FEM 
simulations, analytical modelling and frequency measurements are used 
to analyse this tunuing technique and results are presented and discussed. 
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7.1Introduction 
Fabrication of micromechanical resonators is accompanied by tolerances in the etch 
process, layer deposition and intrinsic stress. These fabrication related factors cause a 
variation of the resonant frequency. Depending on the magnitude of this variation, fil-
ters and oscillators may not be able to meet their designed target specifications. Tuning 
methods are used to rectify the situation by correcting the resonant frequency. Mainly 
passive frequency tuning methods are employed for high-Q RF filters, because of their 
superior accuracy compared to their active counterparts (Ch. 3). Current passive meth-
ods can make very accurate changes in resonant frequency, but device failure is always 
a possibility [1]. 
In recent years, Focused Ion Beam (FIB) has found a wide range of applications be-
cause it is capable of depositing and sputtering material in different sized volumes. 
The deposition and sputtering of different sized material volumes can alter resonant 
frequency over a wide range. This makes it an ideal technique for frequency tuning, 
because coarse and fine changes can be performed and the change only depends on 
the amount of sputtered or deposited material. Once FIB sputtering and deposition 
has been performed to cause a frequency change in a resonator, no additional energy 
is required to maintain this modification in resonant frequency, making the technology 
valuable for RF filter applications in low power transceivers, where battery power is 
limited. 
Related research has shown that a FIB system can be used for frequency tuning. In 
existing work, tuning was achieved by sputtering the suspension of a comb drive res-
onator [122]. However, frequency tuning by FIB material deposition using platinum 
(Pt) has not been demonstrated to date. Therefore, it is of interest to characterise FIB Pt 
deposited frequency tuning of micromechanical resonators. 
In this chapter, 3C silicon carbide (SiC) and polysilicon cantilever and bridge resonat-
ors from a second test chip (Ch. 5) are used to characterise FIB Pt deposited frequency 
tuning. FEM simulation and analytical modelling are used to predict and analyse FIB 
Pt deposited tuning. Simulation results are experimentally verified by depositing var-
ious amounts of Pt onto the resonators and parameters such as frequency change and 
Q-value are extracted. 
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7.2 Focused Ion Beam deposited frequency tuning 
7.2.1 Focused Ion Beam 
Focused Ion Beam (FIB) systems to enable high resolution deposition and sputtering 
emerged in the mid 1970's when the first working Liquid Metal Ion Sources (LMIS) 
appeared. These were initially intended for scanning ion microscopy and microcircuit 
fabrication, but soon found other applications ranging from Transmission Electron Mi-
croscope (TEM) sample preparation [381 to IC failure analysis [42] and resistless lithog-
raphy [36]. Because of its precision and flexibility in machining and deposition, FIB 
also found applications in the field of MEMS for fabrication of thermal actuators [1251, 
microaccelormeters [22] and sensors [ 1 01. 
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Figure 7.1. Schematic of a FIB system. The heart of FIB is a LMIS source, which provides 
heavy Ga ions for imaging, sputtering and selective material deposition. The source 
is heated to cover a needle apex with liquid gallium. Gal ions are extracted from the 
needle using field emission and accelerated to the sample surface using a high electric 
field [115]. 
sists of a needle connected to a reservoir of liquid metal such as gaffium (Ga). Heavy 
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Gal ions are produced from the source by field emission under the action of an electric 
field [98]. The extracted ions are then accelerated to the sample surface where they can 
be used for imaging purposes, high resolution sputtering or selective material deposi-
tion. 
In the sputtering mode (Fig. 7.2), high energy Gal hits the sample surface and removes 
material in the form of neutral atoms and secondary ions and electrons. Apart from 
material removal, the emitted ions or electrons can be detected to create an image of 











Figure 7.2. FIB material sputtering. High energy (30keV) Gal ions remove secondary ions, 
electrons and atoms from the surface of the sample. The sputtered electrons and 
secondary ions can be used for imaging purposes utilising in-built detectors. 
In the FIB platinum (Pt) deposition mode (Fig. 7.3), an organometallic precursor gas 
(trimethyl platinum) is delivered to the sample by a gas needle located lOOym above 
the target surface. Deposition only takes place if enough gas molecules are absorbed 
to the target surface and their binding energy is sufficiently large compared to the 
decomposition of the molecules. The incoming Ga+  ions first break surface bonds 
of the resonator material and provide bonds for the precursor gas. Additional cross 
linking between neighbour surface bound molecules initialises the film growth. Under 
continuing Gal ion bombardment, the organic component is separated from the Pt 
part and film growth proceeds [99]. Note, that it is possible to deposit other materials 
than Pt using FIB. Alternative materials are tungsten (W), silicon dioxide (Si02) and 
even magnetic materials [ 49]. 
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Figure 7.3. FIB platinum deposition. The energy of Ga is utilised to break the surface bonds 
of the resonator material to enable the precursor gas absorption. Subsequently, the 
organometallic gas is decomposed under the influence of the Ga ions, leaving Pt metal 
behind. The resulting volatile reaction products are pumped out of the FIB chamber. 
7.2.2 Concept of Focused Ion Beam frequency tuning 
Compared to sputtering [1221, FIB Pt deposition [29] is an alternative way of tuning 
the resonant frequency of micromechanical resonators as shown in Fig. 7.4. In this case, 
the HB deposited Pt alters the resonant frequency depending on the amount and loca-
tion of the deposition along the the length of cantilevers and bridges. FIB Pt deposits 
close to the support of the resonators increase the equivalent stiffness and the resonant 
frequency. Pt deposits located away from the support of the resonator increase the 
equivalent mass of the device and therefore decrease the resonant frequency. In this 
work only the equivalent mass was altered by placing Pt in the middle of bridges and 
tips of cantilevers. An alteration of the equivalent stiffness is future work. 
7.3 FIB deposited tuning of SIC and polysiliconresonat-
ors 
FIB deposited frequency tuning has been characterised using (i) SiC and (ii) polysiicon 
cantilever and bridge resonators. Both types of resonators were manufactured from 
a second test chip design, which contained devices of different lengths (Sec. 5.2.2). 
Due to the small number of samples available, only one die of SiC and polysificon 
resonators were used to perform FIB Pt deposited frequency tuning. One cantilever 
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Ga + ion beam 






Figure 7.4. Frequency tuning of resonators by FIB Pt deposition. FIB deposition on flexural 
vibrating resonators causes a location dependent change of equivalent mass and stiff-
ness along the device length. Pt deposits near the support of the device increase the 
equivalent stiffness and hence frequency. Deposits located in the centre of the resonator 
increase the equivalent mass and decrease the resonant frequency. In this work, the lat-
ter deposition strategy was used to decrease the resonant frequency of resonators. An 
alteration of the equivalent stiffness by Pt deposition is future work. 
and bridge resonator of each length was not exposed to Ga+  ions or deposited with 
Pt. These resonators served as "reference" resonators used to detect any changes in 
measurement condition, which would otherwise have been difficult to measure on Pt 
deposited devices. 
SiC resonators (20014m x 15 jim x 21im) were used to demonstrate FIB deposited tim-
ing by changing their equivalent mass. This "mass tuning effect" was achieved by 
selective Pt deposition on the tips of cantilevers and middle of bridges. The measured 
changes in resonant frequency were compared to polysiicon resonators (200ym x 15 
ym x 2.31im), which were deposited with Pt at the same locations. 
To predict and subsequently analyse the mass tuning effect, Finite Element Method 
(FEM) simulations and analytical modelling were used. Simulation results were ex-
perimentally verified by Pt deposition on SiC and polysificon resonators. Before Pt 
deposition, resonators were attached to a copper plate to experimentally characterise 
them using an optical workstation (Ch. 6). The experimental characterisation before 
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and after Pt depositions included surface profiler and frequency measurements on SiC 
and polysilicon resonators using an optical workstation. 
Surface profiler measurements were performed to measure the thickness of the depo-
sited Pt. The measured Pt thickness was used to evaluate the FIB deposition process 
and to determine a deposition rate. 
For the frequency measurements, resonator samples on copper carrier plates were at-
tached to a piezoelectric disc and inertially actuated in a vacuum with a constant pres-
sure of 20 1ubar. Their resonant peaks were detected and displayed using a laser vibrom-
eter and a Lab VieW integrated spectrum analyser. The change in resonant frequency 
was obtained by measuring the fundamental resonant frequency of each resonator be-
fore and after the Pt deposition process. From the recorded frequency spectra, the 
Q-factor was extracted using the bandwidth method as described in Chapter 2. 
7.4 Characterisation of FIB Pt deposited tuning on SiC 
resonators 
7.4.1 Modelling and Simulation 
In order to evaluate the mass tuning, SiC resonators were first simulated using a FEM 
model, which predicted the change in resonant frequency due to the deposition of Pt 
material. The software employed for the FEM-analysis was Coventorware 2004. The 
resonators simulated were 2001im x 151im x 21im 3C SiC cantilevers and bridge resonat-
ors, which included an 7.51im undercut at the attachment region of the resonators [50]. 
Details of the assigned boundary conditions, which were applied for the simulations 
are summarised in Fig. 7.5. 
The analytical model developed in Sec. 2.3.2 was used to predict the frequency change 
as result of Pt deposition. The analytical model in contrast to the simulation did not 
include biaxial stress and an etch undercut in the attachment region. It also assumed 
that the vibrational mode shape did not change upon the deposition of the Pt material. 
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Figure 7.5. Assigned boundary conditions for the FEM simulation of FIB Pt deposited mass 
tuning. FIB Pt deposits were placed in the middle of bridges and tip of cantilevers to 
decrease the resonant frequency by increasing the Pt thickness. SiC resonators were 
resting on Si. An etch undercut of 7.5pm was included into the simulation model. 
Physical material parameters employed for the modelling and simulations of FIB de- 
posited resonator tuning are summarised in Table 7.1. Both the analytical model and 
Property 3C SiC Polysilicon Platinum 
Young's modulus, E [GPa] 400 135 168 
Density, p 	[kg x 	rn 3] 3,230 2,230 21,500 
Poison ratio, 
, 
0.22 0.226 0.377 
Biaxial stress, U [MPa] 400 -30 0 
Table 7.1. Material properties used for the FEM simulation. Material properties of 3C 
SiC [50], [106], polysilicon (Ch. 5) and bulk Pt [54]. 
FEM simulations assumed an ideal rectangular cross section and a uniform resonator 
thickness. In order to evaluate the mass tuning effect, a Pt layer with a fixed 13x51im 
surface area and a range of thicknesses from 0.3 to 3.1ym was placed on the tips of 
cantilevers and the middle sections of bridges. 
Fig. 7.6 presents the simulated and analytically calculated frequency change of SiC 
cantilever and bridge resonators as a function of deposited Pt thickness. Modelling 
and simulation results presented were based on actual measured Pt thicknesses found 
on the resonators (Sec. 7.4.2). 
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Both analytical model and simulations were in good agreement and predicted a linear 
decrease in cantilever resonant frequency with increasing Pt thickness. The simulated 
and calculated maximum frequency changes were -21% and -22% for cantilevers, re-
spectively. The linear decrease in resonant frequency with deposited Pt suggests an 
increase in equivalent mass of the cantilever resonators. Equivalent mass of cantilevers 
increased linearly with deposited Pt thickness rnpt t (Eq. (2.12)). Therefore, reso-
nant frequency decreased linearly with further deposited Pt thickness. 
As observed in the case of cantilevers, the resonant frequency of bridges decreased in a 
linear fashion with the deposited Pt thickness (Fig. 7.6(b)). Again, the decrease in freq-
uency was a result of a growing equivalent mass rn, which has a linear relationship 
to thickness. 
The maximum simulated and calculated frequency changes of SiC bridges were -19% 
and -16.6%, respectively. This discrepancy between simulation and calculation was 
due to a number of reasons. FEM simulations were performed with a limited num-
ber of elements (80,000) to keep computation times in a manageable time frame. The 
limited number of elements caused inaccuracies, which need to be taken into account 
when analytical model and FEM simulations are compared. Another factor contribut-
ing to the difference is the limited accuracy in eigenvalue extraction during the FEM 
modal analysis, which was observed by other researchers [35]. Discrepancies arose also 
from the analytical model, which omitted the present etch undercut and axial stress in 
the cantilevers and bridges. 
7.4.2 FIB platinum deposition 
A EEl FIB 200 workstation was employed to deposit Pt on 2001irn 15irn 21im 3C SiC 
cantilever and bridge resonators with an acceleration voltage of 30kV. For optimum 
Pt deposition, the FIB user's manual suggested a Gal ion beam current density of 
2pA jm 2 - 6pA m 2 [19]. Pt was selectively deposited on a 13x5jim surface area 
of the SiC resonators in thicknesses ranging between 0.3 and 3.1im. In this work, a 
Gal ion beam current density of 2pA 11m 2 was used to deposit Pt. Fig. 7.7 shows 
deposited Pt on SiC cantilever and bridge resonators. 
After FIB deposition onto the resonators, a white light surface profiler was used to 
measure the thickness of the Pt. From these measurements it was found that the Pt 
deposition rate specified in the FIB system differed from the measured one by up to 
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Figure 7.6. Simulated and analytically modelled frequency change of 3C SiC cantilever and 
bridge resonators as a function of deposited Pt thickness. Simulated and calculated 
frequency change of 200ym x 15m x 2ym SiC (a) cantilevers and (b) bridges as a 
function of Pt thickness. Pt thicknesses used for simulations and analytical calculations 
are those measured in Sec. 7.4.2. 
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SiC cantilever 
Figure 7.7. Selective Pt deposition on SiC resonators. The figures show an example of 1.2m 
thick deposited Pt on a 13imx5pm surface area at the tip of SIC cantilever and middle 
section of bridge resonators. The Pt deposited resonators were 200im x 15 ym x 2ym 
in size. 
40%. The observed deviation in deposition rate is a result of the widening of the FIB 
aperture, which resulted in a beam current of 190pA instead of the 150pA specified 
before deposition. Despite the observed off-set in deposited Pt thickness, an average 
Pt deposition rate of 0.121im/min. was determined for SiC resonators, respectively. 
A variability in deposited thickness of +20%  causes a variability in frequency change 
by up to ±10% (Eq. (2.17)). Such a large variation in frequency is not acceptable for 
frequency tuning of sensors and filters. However, real time tuning is alternative where 
variation in deposited Pt thickness do not influence the desired frequency change in 
micromechanical resonators. Real time tuning entails the in-situ monitoring of the 
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resonant frequency during FIB deposition. This would eliminate the errors, since FIB 
deposited tuning can be controlled by constant monitoring of the resonant frequency. 
The implementation of such a tuning arrangement is future work. 
7.4.3 FIB deposited tuning of SiC resonators 
The measured change in resonant frequency as a function of the deposited Pt thickness 
for SiC resonators is presented in Fig. 7.8. It can be observed that resonant frequency 
of the cantilevers and bridges decreased with Pt thickness as predicted by previous 
analytical calculations and FEM simulations (Fig. 7.6). While the resonant frequency 
of cantilevers decreased linearly with the deposited Pt thickness, bridges abated in a 
non-linear fashion. The maximum measured change in resonant frequency was found 
to be -12% in the case of SiC cantilevers and bridges with a Pt thickness of 2.4tm and 
3.1 ym, respectively. 
Initial simulation (Fig. 7.6) results differed markedly from the measurement data by 
up to 10%, because properties of bulk Pt and a nominal SiC thickness (211m) were used 
as input data for both the FEM-analysis and analytical calculations. In order to match 
the simulations and calculations with the measurement data, the thickness of the SiC 
was determined using an ellipsometer (SOPRA SE-5). Measurements gave a mate-
rial thickness of 2.5jim instead of the 2 1um assumed for the previous analysis. After 
the resonator thickness was known, the value of bulk Pt density was changed from 
p1 = 21, 500kg m to P2 = 13,400kg nr 3 to match simulation with measurement re-
suits (Fig. 7.8). The deviation of Pt mass density from its bulk value was explained 
by the enclosure of organic residues into the FIB deposited films. Resistivity measure-
ments confirmed the presence of organometallic residues in FIB deposited Pt [115], 
which altered the structural composition and hence the mass density of Pt. 
Fig. 7.8 includes the re-simulated and calculated frequency change using the modified 
SiC thickness and Pt density. Using these parameters, the maximum simulated and 
calculated frequency change for SiC cantilevers was -13.4%. For bridges, a maximum 
simulated and calculated frequency change was -11.3% and -10.9, respectively. The dif -
ference between FEM simulation and analytical modelling in cantilevers and bridges 
was due the number of factors highlighted in Sec. 7.4.1. 
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Figure 7.8. Measured, re-simulated and calculated resonant frequency change as a function 
of the deposited Pt thickness at the tip of SIC cantilevers and middle section 
of SIC bridges. Measured, re-simulated and analytically calculated resonant frequency 
change of 200ymx15ymx2.5ym SiC (a) cantilever and (b) bridges resonators as a 
function of deposited Pt thickness. To determine the change in resonant frequency, 
frequency measurements were performed before and after Pt deposition. One cantilever 
and bridge resonator was not deposited with Pt and acted as a "reference" to determine 
changes in measurement conditions. After the SiC thickness was measured, the value 
of the Pt mass density was decreased to match simulations and analytical calculations 
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Measurement results for SiC cantilevers show the same linear decrease in resonant 
frequency with deposited Pt as observed for FEM simulations and analytical mod-
elling (Fig. 7.8). The linear decrease in resonant frequency is caused by a rise in equiv-
alent mass of the cantilever, which increases with the Pt thickness in a linear fashion. 
Measurements differed from FEM simulations and analytical calculations by 1.4% for 
a maximum deposited Pt thickness of 2.3 1um. This discrepancy is explained by 1) the 
limited number of elements used for the FEM simulations and 2) assumptions made 
for the analytical model. 
All carried out FEM simulations used a limited number of elements (30,000) to keep the 
computation times in a manageable time frame. This limitation obviously had an effect 
on the accuracy of the predicted resonant frequency. Additionally, the analytical model 
described the dynamic behaviour of the resonator as an ideal spring mass system with 
the deposited Pt being represented as an added point mass. The assumption of a point 
mass may have resulted in an overestimation in the added Pt mass and frequency 
change of SiC cantilevers. 
FEM simulations and analytical calculations for SiC bridges showed in contrast to the 
measurement results a linear decrease in resonant frequency with deposited Pt thick-
ness (Fig. 7.8(b)). Measurements differed from FEM simulations and calculations by up 
to 2.9% for the smallest and 1.1% for the largest Pt deposit. The reason for the observed 
discrepancy may be the cause of the variability in the measured bridge resonant freq-
uency both before and after Pt deposition. The measured resonant frequency of bridges 
changed during the experiments due to stress relief in glue, which was used to attach 
the resonator samples to the copper carrier plate. This behaviour was observed in case 
of polysiicon bridges (Ch. 6). 
7.4.4 Measurement issues 
During the course of experiments it was noted that the resonant frequency of the ref-
erence cantilevers decreased between measurements taken before and after FIB Pt de-
posited tuning. The reason for the decrease in resonant frequency was the deposition 
of wax (Apiezon Wax W100), which was used to mount the copper carrier plate to the 
piezoelectric block to produce resonance. The wax was melted by placing a heated 
soldering iron on the copper plate. After the copper plate was attached to the piezo-
electric block inside test chamber, the pressure was reduced until a working pressure 
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of 20ybar was reached. A consequence of the pressure reduction was a reduction in 
the boiling point of the soft wax. Wax vapourized inside the vacuum chamber and 
deposited itself once the pressure was increased after the end of each measurement 
session. 
In order to calculate the amount of deposited wax mwax, the measured change in reso-




In this way, the mass of the wax m wax deposited was determined (Fig. 7.9). 
Apart from a change in resonant frequency, one would also expect a change in the 
mechanical Q-factor of the resonator due to the increased damping produced in the 
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Figure 7.9. Measured resonant frequency as a function of deposited wax mass. The deposited 
wax mass mwax  was calculated from the measured change in resonant frequency of a 
200ymx15pmx2.5m SiC cantilever (Eq. (7.1)). 
7.4.5 Q-factor of Pt deposited SIC resonators 
Fig. 7.10 shows a measured frequency spectrum of a 2001im x 15ym x 2.5ym SiC 
cantilever resonator before and after 0.5ym thick Pt deposition. After Pt deposition, 
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damping in the deposited Pt [135]. That is, Pt was constantly compressed and ex-
panded during the vibration movement of the resonator. The constant deformation of 
Pt was transformed into heat and dissipated into the environment, which degraded 
the Q-factor. 
To research the impact of deposited Pt in detail, Q-factors before Q,,pt and after Qp 
FIB deposition were extracted from measured frequency spectra and normalised using 
the relation Qpt/Qnopt.  Fig. 7.11 indicates that the normalised Q-factor of cantilever 
and bridges decreased sharply for the 0.5im thick deposit and further increase of the 
Pt thickness caused only to a small reduction in the Q-factor. This behaviour was ob-
served elsewhere for gold coated S10 2 resonators [101] and it was proposed that the 
Q-factor was significantly influenced by thermoelastic damping occurring at the inter-
face between the resonator and the deposit. In addition, it was found that deposited 
Pt layers on silicon reed resonators increased the internal friction and caused a reduc-
tion in the Q-factor [93]. It is therefore possible that the Q-factor after Pt deposition is 
influenced by thermoelastic damping at the interface between the SiC surface and the 
Pt and in the deposit itself. Hence, the Q-factor SiC resonators decreased rapidly with 
the deposition of thin films and levelled with thicker Pt films. 
It was interesting to note that the Q-factor of the "reference" cantilever and bridge re-
sonators without any deposited Pt decreased by up to 60% of their original value. In 
addition, the reference devices were not directly exposed to the Ga+  ion beam at any 
time during the experiments. The reasons for the decrease are surface contamination 
and oxidation of the resonators, which have all been reported to cause a decrease in 
Q [139]. This confirms findings from the frequency measurements of reference can-
tilevers, where deposited wax caused a reduction in resonant frequency over time. 
This suggests that the decline in the Q-factor of SiC was markedly influenced by sur-
face contaminates (60%) such as vapourized wax and not by the deposited Pt. Both 
effects combined caused a maximum Q-factor decrease of up to 80% in cantilevers and 
56% in bridges with 2.6im and 3.1;im thick deposited Pt, respectively. The differ-
ence in Q-factor reduction between cantilevers and bridges is mainly due to the lower 
frequency resolution used during vibration measurements. This difference is clearly 
shown by the different sized error bars in Fig. 7.11. 
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Figure 7.10. Normalised amplitude of SiC cantilevers as a function of frequency before and 
after Pt deposition. Frequency spectrum of a SiC cantilever (a) before and (b) after 
the deposition of 0.5ym thick Pt. The Q-factor before and after Pt deposition was 
extracted from the displayed frequency spectra using the bandwidth method described 
in Chapter 2. The Q-factor of the SiC cantilever markedly decreased with the depo-
sition of Pt. Thermoelastic damping in the deposited Pt caused irreversible energy 
dissipation during vibration, which decreased the Q-factor. 
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Figure 7.11. Normalised Q-factors oI200ymxl5ymx2.5ym SiC cantilever and bridge reso-
nators as a function of Pt thickness. Extracted Q-factors before Q,,pt and after Pt 
deposition Qt  were normalised (Qp/Q0p) and plotted as a function of Pt thickness 
for SiC (a) cantilevers and (b) bridges. The strong decrease in normalised Q-factor of 
11 
reference" resonators indicated the presence of deposited wax. Deposited wax caused 
a strong decrease in Q compared to the deposited Pt. 
/ 
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7.5 Characterisation of FIB Pt deposited tuning on po-
lysilicon resonators 
Polysilicon cantilever and bridge resonators (200ym x 15ym x 2.3ym) were used to 
demonstrate the mass tuning effect and results compared to those for SiC resonators. 
Results from simulation and experiments are subsequently presented and discussed. 
7.5.1 Modelling and Simulation 
FEM simulations and an analytical model developed in Chapter 2 were employed to 
predict the frequency change of Pt deposited polysilicon cantilever and bridge reso-
nators. Boundary condition and material properties listed in Sec. 7.4.1 were used to 
predict this frequency change. Both simulations and analytical modelling assumed a 
Pt mass density of 13,400kg m 3 and omitted structural and squeeze film damping. 
Simulations, in contrast to the analytical model, included biaxial polysilicon stress and 
an etch undercut of 28 ym at the attachment region of the resonators (Ch. 6). 
In order to predict the tuning effect, a Pt layer with a 13 ym x 5 ym surface area and 
thicknesses ranging from 0.5 to 4.2 ym was placed on the tips of cantilevers and the 
middle sections of bridges. Fig. 7.12 shows the simulated and analytically calculated 
frequency change of polysilicon cantilever and bridges as a function of Pt thickness. 
The Pt thicknesses used for the modelling were those which were experimentally ob-
tained from surface profiler measurements in Sec. 7.5.2. 
FEM simulations and analytical modelling showed a similar trend in frequency change 
with the deposited Pt thickness as observed in SiC resonators. In the case of cantilevers, 
both the simulation and analytical model predicted a linear decrease in resonant freq-
uency with progressing Pt thickness. Simulation and analytical modelling showed a 
maximum frequency change of -19.7% and -19.6% for a 2.6ym thick Pt deposit, respec-
tively. Simulation and analytical model are in very good agreement. 
In bridges, simulations and analytical calculations predicted a linear resonant freq-
uency decrease with Pt thickness. A maximum frequency change of -17% and -15.3% 
was extracted from simulations and the analytical model for a Pt thickness of 4.2ym, 
respectively. The reason for the discrepancy between model and simulation was ex-
plained in Sec. 7.4.1. 
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Figure 7.12. Simulated and analytically modelled frequency change of polysilicon cantilever 
and bridge resonators as a function of deposited Pt thickness. Simulated and 
calculated frequency change for 200ym x 15ym x 2.3gm polysilicon (a) cantilevers 
and (b) bridges as a function of Pt thickness. Simulation and analytical model used the 
actual deposited Pt thicknesses from Sec. 7.5.2, a Pt mass density of 13400kg m 3 
and omitted structural and squeeze film damping. In contrast to the analytical model, 
FEM simulations included an etch undercut of 28ym at the attachment region of 
polysilicon resonators. 
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7.5.2 FIB platinum deposition 
A FEI FIB 200 workstation was used to deposit Pt in 13tm x 5jim sized patches at 
the tip of polysilicon cantilevers and the middle section of bridges with thicknesses 
ranging from 0.5 to 4.21im. Fig. 7.13 shows Pt deposited on 20011m x 151m x 2.3im 
polysilicon cantilever and bridge resonators. After deposition, the Pt height was mea-
sured using a white light surface profilometer (Ch. 6) and a Pt deposition rate of 
0.1051m/min. was determined. As observed on SiC resonators, Pt deposits on po-
lysiicon devices were 57% thicker than intended to be due to the higher Ga ion 
beam current. Pt was selectively deposited using a Ga+  ion beam current density of 
around 2pA ym 2 and an acceleration voltage of 30kV. 
I- 
(i) Polysilicon cantilever 
I.w , _ I1 
b) Polysilicon bridge 
Figure 7.13. Selective Pt deposition on polysilicon resonators. Selective deposition of 1m 
thick Pt on a 131im x 5im section on polysilicon (a) cantilever and (b) bridge re-
sonators. Pt was deposited with a Ga+  beam current density of 2pA ym 2 and an 
acceleration voltage of 30kV. 
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7.5.3 FIB deposited frequency tuning 
The measured resonant frequency change as a function of Pt thickness for polvsili-
con cantilever and bridge resonators is shown in Fig. 7.14. As predicted by previous 
simulation and modelling (Fig. 7.12), the measured resonant frequency of cantilevers 
decreased in a linear fashion with the deposited Pt thickness (Fig. 7.14). The observed 
linear decrease in frequency with Pt thickness was a result of an increase in equivalent 
mass, which rose constantly with the deposited Pt thickness. 
Measurements determined a maximum change in resonant frequency of -15.6% for 
2.61dm thick Pt, which differed by more than 4% from the results obtained from previ-
ous simulations and analytical modelling (Fig. 7.12). The reason for this discrepancy 
between measurements and simulations was a smaller Pt mass density than assumed 
for the FEM analysis and analytical calculations. The Pt mass density was changed 
from p=13,400kg m 3 to 9,900 kg rn to match FEM simulations and analytical results 
with the measurements. The variability in Pt mass density over time may be explained 
by the variability in the Gal ion beam current, which caused thicker Pt deposits than 
expected (see Sec. 7.5.2). A variable Ga+  beam current density caused a variability in 
deposited Pt thickness and composition. 
Fig. 7.14 includes re-simulated and analytical calculated frequency changes obtained 
using the modified Pt mass density. Using the modified Pt mass density, FEM simu-
lations and analytical calculations predicted a maximum frequency change of -15.6% 
and -15.5% for a Pt thickness of 2.61im, which were in very good agreement with the 
measurement results. 
Despite the difference in deposited Pt mass, polysilicon cantilevers showed a slightly 
larger frequency change than their SiC counterparts. The reason for the different freq-
uency change was the lower equivalent mass of polysilicon devices compared to SiC 
resonators. Resonators with a lower equivalent mass show a higher change in freq-
uencv as indicated by Eq. (2.17) in Chapter 2. 
7.5.4 Measurement issues 
As observed in the case of SiC, the resonant frequency of the polysilicon "reference" 
cantilever changed between measurements taken before and after FIB Pt deposition as 
a result of deposited wax (Fig. 7.15). 
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Figure 7.14. Measured, re-simulated and calculated resonant frequency change as a func-
tion of Pt thickness for polysilicon cantilevers and bridges. Measured resonant 
frequency change of 200pm x 1514m x 2.3pm polysilicon (a) cantilevers and (b) 
bridges as a function of deposited Pt thickness. To determine the change in resonant 
frequency, frequency measurements were performed before and after Pt deposition. 
One cantilever and bridge resonator was not deposited with Pt and acted as a "ref-
erence" to determine changes in measurement conditions. The Pt mass density was 
altered from p=13,400kg m 3 to 9,900kg m 3 to match simulations and calculations 
with measurement results. 
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Figure 7.15. Measured resonant frequency as a function of deposited wax mass. Measured 
resonant frequency of a 200pmx15ymx2.3ym polysilicon cantilever as a function 
of deposited wax mass. The deposited wax mass was calculated from the measured 
frequency change of the polysilicon cantilever using Eq. (7.1). 
Frequency measurements before and after Pt deposition showed a strong variation in 
bridge resonant frequencies. The reason for the observed variations was believed to 
be due to stress relief in the epoxy glue, which altered the polysilicon bridge resonant 
frequency and markedly influenced the results on Pt deposited tuning (Ch. 6). For ex-
ample, the resonant frequency of the "reference" polysilicon bridge resonator changed 
by +10.1% between measurements taken before and after Pt deposited tuning of the 
remaining devices (Fig. 7.14). This variation was most likely due to the stress relief 
in the glue, which was used to mount the resonator samples on copper carrier plates. 
The variation in measured frequency caused the non-linear behaviour in Pt deposited 
polysilicon bridges and the deviation from linear relationship predicated by FEM sim-
ulations and analytical calculations (Fig. 7.14). The same trend in frequency change 
was observed in case of SiC bridge resonator tuning (Fig. 7.8), which was explained by 
a variation in detected bridge resonant frequency. However, further work is required 
to confirm these findings. 
Page 112 
Chapter 7 	Characterisation of frequency tuning by FIB platinum deposition 
7.5.5 Q-factor of Pt deposited resonators 
Fig. 7.16 shows the measured frequency spectrum of a 200im x 1514m x 2.3um p0-
lysilicon cantilever before and after 0.5;tm thick Pt deposition. In comparison to SiC 
resonators, devices made from polysilicon have a significant lower Q-factor, both be-
fore and after Pt deposition. The reason for the difference in the Q-factor lies in the 
structure of these two materials. Polysiicon has a polycrystailine structure, while SiC 
is a perfect single crystal. Thermoelastic damping in perfect single crystal is smaller 
than in polycrystalline films [117]. Hence, Q-factors in single crystal SiC were higher 
than in polysilicon resonators. 
The Q-factor of the polysilicon cantilever beam significantly decreased (52%) as a re-
suit of thermoelastic damping in the deposited wax and 0.51Lm thick deposited Pt 
(Fig. 7.16). In contrast, a SiC cantilever with the same deposited Pt showed a 74% 
decrease in the Q-factor (Fig. 7.10). The reason for the observed discrepancy was the 
resolution of the detected frequency. Frequency measurements on polysilicon resonat -
ors were performed with a 20Hz resolution, while SiC cantilevers were measured with 
1Hz resolution. The high resolution measurements on SiC cantilever were obtained 
with great difficulty due to the large amount of data involved and stretched the avail-
able computer technology to its limits. Hence, a lower frequency resolution was used 
for the frequency recordings for polysilicon resonators. 
To investigate the influence of the deposited wax and Pt in detail, normalised Q-factors 
of polysilicon cantilevers and bridges Q;iopt / Qpt were plotted as a function of Pt thick-
ness in Fig. 7.17. 
The Q-factor of the polysilicon "reference" cantilever and bridge resonators decreased 
by 50% over time, although these had not been deposited with Pt or were directly 
exposed to FIB Gal ions at any time. This decrease is comparable with the one found 
in case of SiC counterparts, confirming the influence of deposited wax on the Q-factor. 
The Q-factor of the remaining polysilicon cantilever and bridge resonators decreased 
further with deposited Pt thickness similar as found for their SiC counterparts. Thicker 
Pt deposits produced more thermoelastic damping and decreased the Q-factor fur-
ther [135]. The maximum decrease in Q was 58% for cantilevers with a Pt thickness of 
2.6yn-i. Compared to the characteristics discussed so far, the Q-factor of the polvsiicon 
reference bridge resonator seems to have increased (Fig. 7.17(b)). This discrepancy is 
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due to the variability in the measured resonant frequency (Sec. 7.5.3), which obviously 
has an influence on the extracted Q-factor (Sec. 2.3.3). However, despite the strong 
deviation seen for polysilicon bridges, the Q-factor declines under the influence of in-
creasing thermoelastic damping due to thicker deposited Pt. 
The data of extracted Q-factors from polysilicon and SiC resonators suggested that 
most of the damping was caused by the deposited wax contamination and not by the 
Pt. From Fig. 7.11 Fig. 7.17, it can be shown that the deposited Pt only decreased the 
Q-factor by 8% and 12% in polysilicon and SiC cantilevers, respectively. 
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Figure 7.16. Normalised amplitude of a polysilicon cantilever as a function of frequency 
before and after Pt deposition. Frequency spectrum of a 200ymx15ymx2.3ym 
polysilicon cantilever (a) before and (b) after 0.5ym thick Pt deposition. The Q-factor 
before and after Pt deposition was extracted from the displayed frequency spectra 
using the bandwidth method described in Chapter 2. The Q-factor of the polysilicon 
cantilever markedly decreased with the deposition of Pt. Thermoelastic damping in the 
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Figure 7.17. Normalised Q-factor of 2001im x 15um x 2.3ym polysilicon cantilever and 
bridge resonators as a function of Pt thickness. The normalised Q-factors of 
cantilever and bridges were extracted from measured frequency spectra before (Q,pt) 
and after (Qpj) Pt deposition. The extracted Q-factors were normalised and plotted as 
a function of Pt thickness for polysilicon (a) cantilevers and (b) bridges. The decrease 
in normalised Q-factor of reference" resonators indicated the presence of deposited 
wax. Deposited wax caused a strong decrease in Q compared to the deposited Pt. A 
lower frequency resolution and errors related to stress relief in the glue caused a strong 
variability in case of bridges. Despite the shown variability in bridge data a trend of 
decreasing Q values with deposited Pt thickness is still existent. 
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7.6 Conclusions 
In this chapter, a novel FIB Pt deposition scheme has been demonstrated and charac-
tensed for the purpose of frequency tuning of micromechanical resonators. Resonant 
frequency tuning was achieved by selective FIB Pt deposition on flexural vibrated can-
tilever and bridge resonators. The resonant frequency of these devices was decreased 
by placing Pt at the tips of cantilevers and the middle sections of bridge resonators. 
FEM simulations and analytical modelling were first performed to predict frequency 
changes in cantilever and bridge resonators. To verify the simulation results and to 
demonstrate the FIB Pt deposited frequency tuning, the equivalent mass of cantilevers 
and bridges was changed. A change in equivalent mass was achieved by the deposition 
of Pt on the tips of cantilevers and middle section of bridges. This so called "mass 
tuning" effect decreased the resonant frequency of SiC and polysilicon cantilevers and 
bridges less than predicated by simulations and calculations. The discrepancy between 
theory and measurements was due to the variability in the deposited Pt mass density. 
A variation in Pt mass density would cause a variability in deposited frequency tuning. 
In practise, this is not an issue, since frequency tuning can be performed in real time. 
Despite the observed variability in the deposited Pt mass density, polysilicon resonat-
ors showed a stronger decrease in resonant frequency than their SiC counterparts. The 
slight difference was attributed to the lower equivalent mass of polysilicon resonators 
compared to their SiC counterparts. 
The Q-factor of SiC and polysilicon resonators decreased over time in a linear fash-
ion due to damping in deposited surface contaminants and Pt. The source of surface 
contamination was the deposited wax on the resonators, which decreased the resonant 
frequency of SiC and polysilicon cantilever reference structures. The wax markedly de-
creased the Q-factor of resonators compared to the FIB deposited Pt. Thin Pt deposits 
showed a stronger impact on the Q-factor than thicker ones, indicating that most ther-
moelastic damping occurs at the interface between resonator surface and deposit [101]. 
It should be noted at this point, that the extracted Q-factor of polysiicon bridges was 
directly related to the detected variability in recorded frequency. However, despite the 
strong deviation seen for polysiicon bridges, the Q-factor declines under the influence 
of increasing thermoelastic damping due to thicker deposited Pt. 
Compared to other tuning methods [16, 1], FIB Pt deposition produced a decrease in 
resonant frequency of micromechanical resonators without causing device failure. This 
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considerably increases device yield and reduces cost, which removes one of the step-
ping stones preventing micromechanical resonators from being employed in low cost 
wireless transceivers. In addition, once Pt is deposited, no additional energy or a high 
tuning voltage [6] is required to maintain the modified resonant frequency. Tuning 
methods that require little or no energy to hold the modified resonant frequency are 
important to low power wireless transceivers, because of their limited battery power. 
A strong decrease in SiC resonators Q-factors of up to 74% is not acceptable for RF 
ifiters in future wireless transceivers architectures (Ch. 2). However, the observed Q-
factor decrease was mainly due to surface contamination in the form of deposited wax. 
Surface contamination can be easily reduced by vacuum encapsulation or covering 
resonators with a glass cap. This would considerably reduce the amount of surface 
contamination and maintain a higher Q-factor. 
In conclusion, FIB Pt deposition provides frequency tuning for micromechanical reso-




frequency tuning by silver 
deposition 
T
his chapter describes an electrochemical Ag deposition scheme 
for adjusting the resonant frequency of polysilicon bridge reso-
nators. Different test structures are used to analyse the Ag de-
position scheme and results are discussed. 
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8.1Introduction 
In the previous chapter, FIB platinum deposition was presented as a method for tuning 
micromechanical resonators without any device failure [29]. Although this method of -
fers advantages over currently available tuning, the cost effectiveness as a high volume 
manufacturing technique has yet to be confirmed. 
In contrast, a solid state electrochemical silver (Ag) deposition scheme has the ability 
to electrically control Ag deposition on many micromechanical resonators [26]. This 
makes it a cost effective in-situ tuning method in a high volume manufacturing envi-
ronment, enabling real time bidirectional frequency changes of micromechanical reso-
nators. The key element for Ag deposited tuning is a solid electrolyte. Evaporated as a 
blanket layer, the solid electrolyte provides a medium for the transport and deposition 
of Ag. In order to evaluate the suitability of this tuning method to micromechanical 
resonators, the solid electrolyte and Ag deposition need characterisation. 
This chapter reports the results of using different test structures to extract material 
properties of the solid electrolyte and to characterise Ag deposited tuning. In this 
work, the extracted material parameters were used to construct an analytical model to 
describe the deposited tuning of polysiicon resonators. Experimental and simulation 
results are discussed and conclusions drawn. 
8.2 Material system and Ag deposited frequency tuning 
This section briefly explains the production of the solid electrolyte material system 
and gives a detailed description of the Ag deposited tuning concept. 
8.2.1 Production of solid electrolytes 
The electrolyte capable of ion transport and subsequent electrodeposition was formed 
in a two step process at room temperature via evaporation of 80nm Ge0 3 Se 0 7 base 
glass followed by a thin 15nm Ag layer. This thickness combination allowed complete 
dissolution of the Ag layer into the base glass layer and avoided metal remaining on 
the surface of the base glass. The thin and optically transparent Ag layer was diffused 
into the base glass layer by photodissolution as shown in Fig. 8.1. Photodissolution 
of Ag was performed using a 405nm ultraviolet light (IJY) source with a power den-
sity of 3.9mW/cm 2 for a time of 20 minutes. Photodissolution enabled Ag ions to be 
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Figure B.I. Schematic representation of the photodissolution process of Ag and GeSe. The 
thin evaporated Ag layer diffused into the glass base layer to form the solid electrolyte. 
The energy for the diffusion was provided by the UV light source during photodissolution. 
The photodissolution process provided the base glass layer with Ag ions, necessary to 
perform electrodeposited frequency tuning. 
weakly held in negatively charged chalcogen sites and created a solid electrolyte with 
a substantial mole fraction of the superionic phase A92Se and a Ge-rich dielectric like 
backbone. Ag was used in this work for the photodissolution and deposited frequency 
tuning. Copper (Cu) is also suitable for electrodeposited tuning, however, Ag was the 
only material available. 
8.2.2 Ag deposited frequency tuning concept 
Once integrated with micromechanical bridge resonators, the Ag loaded solid elec-
trolyte was employed to tune their resonant frequency by a combination of Ag migra-
tion and electrodeposition [261. Ag ion movement in this blanket deposited ternary 
Ago.j (Geo.3Seo.7) 09  system was induced by a DC electric field between an oxidizable 
Ag anode and an inert cathode as shown in Fig. 8.2. This particular electrolyte compo-
sition was chosen over other combinations, because it was shown to produce the most 
uniform electrodeposited Ag films [781.  The applied electric field caused Ag ion migra-
tion in the electrolyte towards the Al cathode, where they were reduced into a metallic 
state to form an Ag electrodeposit. The movement caused a decrease of Ag ions in the 
solid-electrolyte and left negative charged chalcogenide centres behind. The vacated 
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Figure 8.2. Schematic of a polysilicon bridge resonator with integrated solid electrolyte. Ag 
anode and aluminium (Al) contacts. Application of a DC voltage between an Ag 
anode and an Al cathode resulted in an Ag ion current. Ag ions were provided by an 
anode via oxidation and deposited at the cathode through reduction. The location of 
Ag on the resonator affected the direction of frequency change. Initially, Ag deposited 
at the cathode increased the equivalent stiffness and therefore the resonant frequency 
of the bridge resonator. The resonant frequency decreased with further Ag coverage 
due to the rise in equivalent mass of the bridge resonator. 
negative sites were filled with fresh Ag ions coming from neighbouring sites and from 
an oxidizable Ag anode, which provided the ions for the deposition. This resulted in an 
Ag ion current flow in the electrolyte from the anode to the cathode. Therefore, there 
was a net redistribution of Ag ions from the anode into the solid-electrolyte. Once the 
Ag electrodeposit was formed, it became the source of electrons and further reduction 
of Ag ions occurred. This allowed the Ag deposit to extend along the surface of the 
bridge resonator towards the anode [61]. 
The Ag movement changed the resonant frequency depending on the location of the 
electrodeposit along the length of the bridge resonator. Ag deposits near the anchor 
caused an increase in equivalent stiffness and in resonant frequency. The resonant 
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frequency decreased with further Ag deposition towards the centre of the bridge due 
to a rise in equivalent mass. 
8.3 Materials and Methods 
The solid electrolyte (Ag o.1 (Geo.3Seo7) 09 ) performed an important role in Ag depo-
sited tuning and both its electrical and mechanical material parameters had to be 
known to investigate and model the change in resonant frequency of micromechan-
ical bridge resonators. 
During electrodeposition the total current passing through these electrolyte systems 
consists of an Ag ion carrying Faraday ip and a so called electron "leakage" 11eak  com-
ponent.• In order to characterise and analytically model Ag electrodeposited frequency 
tuning, the electrical resistivity in both situations has to be known. Faraday's law ap-
plies in this system and the Ip passed through the solid electrolyte is proportional to the 
deposited Ag mass mAg OF t  mAg). Since iF can not be measured directly, the volume 
of deposited Ag is a measure of iF  and consequently of a so called Faraday "resistiv-
ity". To extract the Faraday current and resistivity, polysilicon bridge test resonators 
(Sec. 8.4.3) were deposited with Ag. The volume and mass of the deposited Ag was 
determined from SEM imaging. Once the deposited Ag mass mAg was known, the 
Faraday current and resistivity was determined. The second current passing through 
the dielectric part of the solid electrolyte is an electron carrying "leakage" component. 
In this situation, the corresponding "leakage" resistivity gives an indication of layer 
composition, the amount of Ag ions in the solid electrolyte electrolyte and the rate of 
electrodeposition. For example, a high "leakage" resistivity indicates a low number 
of Ag ions and a small electrodeposition rate, while a low "leakage" resistivity repre-
sents a high number of Ag ions and results in a large electrodeposition rate. A first test 
chip design containing Greek cross test structures was used to extract the "leakage" 
resistivity of the solid electrolyte from sheet resistance measurements. 
After the electrical characterisation had been performed, a second test chip design 
(Sec. 5.2.2), containing polysilicon cantilever beam resonators, was used to extract me-
chanical properties of the solid electrolyte. These properties included mass density 
Pelectro and Young's modulus Eeiectro.  Both parameters had to be known to model the 
Ag deposited tuning of polysiicon bridge resonators. 
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After the material properties of the solid electrolyte were extracted, a test chip de-
sign containing polysilicon bridge resonators with an integrated Ag deposition scheme 
(Sec. 5.2.1) was used to characterise frequency tuning. 
The first two test chips were used to extract electrical and mechanical material prop-
erties of the solid electrolyte. Their design, fabrication and operation are described 
below. 
8.3.1 Test chip for electrical characterisation 
The first test chip contained microelectronic Greek cross test structures to extract the 
electric "leakage" resistivity leak  of the solid electrolyte Ago. i (Geo 3 Seo7 ) 09 [25]. In or-
der to extract the "leakage" resistivity, the sheet resistance R of the solid electrolyte 
was measured using the Greek crosses. The theory and the procedure to measure the 
sheet resistance on a Greek cross is described in Appendix A. One important require-
ment for the sheet resistance measurements was that the solid electrolyte layer was 
uniform in layer thickness and homogeneous in composition. 
Knowing the sheet resistance R and thickness telect ro of the homogeneous solid elec-
trolyte, one can derive the resistivity e1ectro  using the relationship: 
'electro = Rs tel ectro [Qm]. 	 (8.1) 
The following describes the Greek cross test chip design, which consisted of two masks. 
The test chip is shown in Fig. 8.3. The first mask of the test chip contained Greek 
cross test structures with arm lengths of 120ym and arm widths ranging from 1-20ym. 
The second mask layer provided 100 fimx lOOym metal pads for probing Greek crosses 
during the sheet resistance measurements of the solid electrolyte. 
Standard fabrication of Greek crosses usually involves the blanket deposition of sili-
con dioxide (Si02) and the conducting film to be evaluated. The conductive film is 
patterned to form the Greek crosses and the sheet resistance is measured as outlined 
in Appendix A. This fabrication technique could not be applied to the solid-electrolyte 
used in this thesis, because it contained Ag and was therefore not compatible with 
CMOS fabrication. To overcome this problem, suspended Greek cross test structures 
(see Fig. 8.4) were developed and used to determine the sheet resistance of blanket de-
posited solid electrolyte Ag o.1 (Geo.3Seo.7) 09 . The suspended Greek crosses were made 
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Figure 8.3. Layout of the first test chip containing Greek cross test structures for the char-
acterisation of the solid-electrolyte. The test chip contained two masks. The first 
mask defined Greek crosses with an arm length of 120ym and and width ranging from 1-
20ym. The second mask defined 100mx100m metal pads to allow electrical probing 
during the sheet resistance measurement. 
from polysiicon with a silicon nitride cap, which automatically patterned the device 
and at the same time served as the carrier for the solid electrolyte to be characterised. 
This novel test structure was further developed by other researchers to characterise 
Joule heating, which is associated with the sheet resistance measurement of low re-
sistivity conducting metal films [41]. However, in case of the solid electrolyte, Joule 
heating [28, 27] was not an issue, because of its high resistivity. 
The following describes the fabrication of the Greek cross test chip. The fabrication 
process for the Greek crosses started with the growth of 0.lym wet thermal silicon 
dioxide (Si0 2 ) at 950°C and subsequent deposition of a 2.3ym thick sacrificial Plasma 
Enhanced Chemical Vapour Deposition (PECVD) Si02 layer on (100) n-type silicon 
wafers (Fig. 8.5). Both Si0 2 layers acted as sacrificial layers for the suspended Greek 
crosses. The thermal Si0 2 avoided any adhesion problems of the PECVD layer to the 
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Figure 8.4. Suspended Greek cross test structure. The suspended Greek cross consisted of 
polysilicon and a silicon nitride gap, which automatically patterned the device and 
at the same time served as the carrier for the solid electrolyte to be characterised. 
Thick aluminium (Al) metal pads allowed easy multiple probing of thin deposited solid 
electrode. 
Si substrate. This was followed by the deposition of lym thick LPCVD polysilicon 
at 600°C, which served as mechanical support for the film being evaluated. To pre-
vent the polysilicon making electrical contact with the material to be assessed, a 0.lym 
LPCVD Si 3 N4  layer was deposited at nominal 800°C. These two layers were then pat-
terned using a combination of Reactive Ion Etching (RIE) and Deep Reactive Ion Etch-
ing (DRIE) to form the arms of the test structures and the probe areas. A 1 .5im thick 
aluminium (Al) layer was deposited with 2kW power using a Balzers sputter system 
and patterned employing wet chemical etch using phosphoric acid at 45°C to form 
contact pads for probing on the Si3 N4-polysilicon probe areas. The test structures were 
released from the Si-substrate by removing Si02 under the arms of the crosses and 
around the probe areas using a NH4F : CH3COOH solution and subsequent critical 
point drying in liquid carbon dioxide (CO2). Note that the undercut created by the wet 
etch of the Si02 ensured that the electrolyte on top of the test structures was isolated 
from the solid electrolyte on the substrate surface. Fig. 8.6 shows a Greek cross test 
structure with Al pads after the release etch step. 
As a precaution the sidewalls of the arms of the test structures were covered with a 
5nm thick polymer to reduce the risk of surface currents using the polysilicort as a 
parasitic path. The polymer (C4 F8) deposition was carried using the passivation cycle 
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Figure 8.5. Fabrication process for the first test chip. The manufacturing process involved the 
deposition and etching of sacrificial Si02 , polysilicon and Si3N4 and Al to form the 
suspended Greek crosses with thick Al probe pads. 
of a Bosch process in a STh DRIE etcher at 300W for 12s. The polymer on top of the test 
structures was removed by 15 minutes of argon milling in a Baizers sputter system. 
At this stage, the platform was ready to characterise the Ago.i (Geo.3Seo.7) 09 film. Be-
fore Greek crosses were used to measure the sheet resistance of Ag o . 1 (Geo3Seo7) 09, 
gold and copper layers were utilised to demonstrate the performance of the Greek 
crosses. After successful demonstration of the proposed test structures [25], the solid 
electrolyte was deposited onto the Greek crosses. The deposition process involved the 
evaporation of SOnm thick chalcogenide glass (Ge0.3Se0. 7) and a 15nm thick Ag film 
onto the Greek crosses. To form the solid electrolyte, Ag was driven into the chalco-
genide glass layer via photodissolution using a 405nm Ultra Violet (UV) light source 
and a power density of 3.9mW/cm 2 for 20 minutes on a Karl Suss mask aligner. The 
dissolution process provided the required solid electrolyte with Ag ions [77]. After 
the samples were covered with the Ag o.1 (Geo.3 Seo.7) 09 , sheet resistance measurements 
were performed [241. 
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Figure 8.6. SEM image of a Greek cross test structure with 5im arm width including Al 
probe pads. The inset shows the suspended heart of the Greek cross, the location 
where the sheet resistance of blanket deposited films was extracted. 
8.3.2 Test chip for mechanical characterisation 
Three dies of polysilicon cantilevers, fabricated from a second test chip (Sec. 5.2.2), 
were used to extract the mass density Pelectro  and Young's modulus Eciect  of the solid 
electrolyte. Polysilicon bridge resonators were not included in the analysis due to the 
large error associated with the resonant frequency measurements reported in Chapter 
6. To extract Pelectro  and  Eciectro, two cantilever dies were covered with a relatively thin 
(20nm) and thick (80nm) solid electrolyte and the resonant frequency was measured 
both before and after deposition. A third die was not covered with the solid electrolyte 
and served as a reference sample. 
The thin film (20nm) was used to extract Pelectro.  The deposited film (tei ectro  (t;lifl)) was 
relatively thin compared to the thickness (t) of the cantilever beam (t >> telectro tJlz;I)) 
In this case it was assumed that the location of the neutral beam axis remained un-
changed after solid electrolyte deposition. Therefore, the change in cantilever resonant 
frequency was assumed to be a result of a change in equivalent mass alone. FEM sim-
ulations were used to match the measured change in resonant frequency by alteration 
of the solid electrolyte mass density. When simulated and measured shifts in resonant 
frequency matched, Pelectro  was found. 
The thick film (80nm) was used to determine Eeiectro.  In contrast to the thin electrolyte, 
the location of the neutral axis changed with deposition of thick film. Assuming the 
same mass density between these two films, Eeiectro  was extracted by matching the 
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measured change in resonant frequency with FEM simulations. To ensure an identical 
mass density Pelectro between these two films, 15nm and 4nm of Ag was driven into the 
thick (80nm) and thin (20nm) solid electrolyte layers via UV photodissolution using a 
Karl Suss Mask aligner with a power density of 3.9mW/cm 2 for 20 minutes. 
The resonant frequencies of all three cantilever beam samples were determined under 
vacuum (p=20ibar) using laser vibrometer measurements as described in Chapter 6. 
The solid electrolyte was assumed to be stress free. This assumption was reasonable, 
because the solid electrolyte was deposited at room temperature inside an evaporator. 
8.4 Results and Discussion 
This section presents and discusses results from the characterisation of the solid elec-
trolyte and the demonstration of Ag deposited tuning using manufactured and pre-
pared bridge resonator test structures. 
8.4.1 Characterisation of the solid electrolyte 
Electrical solid electrolyte characterisation 
The Ago.i  (Geo 3 Seg7 )09  deposited on manufactured suspended Greek crosses was elec-
trically characterised using a HP4156B semiconductor parameter analyser and a man-
ual probe station. During all measurements the substrate was allowed to float electri-
cally. Before sheet resistance measurements were made, the isolation of the measure-
ment platform was tested by attempting to force a DC current of mA with a voltage 
compliance of 40V between a probe pad and the surrounding Si substrate. This de-
termined that the Greek crosses provided sufficient isolation from the measurement 
currents entering the surrounding substrate from the probe areas. Sheet resistance was 
determined by forcing a lOnA DC current through the Ag 01 (Geo.3Seo.7) 09 layer and 
calculated using equation Eq. (A.13). The resistivity of the evaporated films was calcu-
lated using equation Eq. (8.1). 
Fig. 8.7 presents the measured sheet resistance for 80nm thick Ag oi (Geo3Se o.7 ) 09 as 
a function of the Greek cross arm width and measurement time. Fig. 8.7(a) indicates 
that the measured sheet resistance of Ag o.1 (Geo.3Se o.7) 09 was variable with the arm 
width. This suggested that the film was not homogeneous in composition and/or of 
nonuniform thickness across the test chip. 
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Average As: 235 (± 0.64%) Mo/sq 
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Figure 8.7. Measured sheet resistance for an 80nm thick solid electrolyte using Greek 
crosses. The graphs show the measured sheet resistance (a) as a function of Greek 
cross arm width for BOnm thick blanket deposited Ago . j (Geo .3 Seo . 7 ) 09 and (b) as a 
function of measurement time for a 2ym wide Greek cross test structure. 
The extracted "leakage" resistivity from the Greek cross sheet resistance measurements 
ranged from 0.53 to 1.88flm for Ago.1 (Geo.3Seo.7) 09 . These values agreed with the ones 
published in [78]. The high resistivity of Ag o.i (Geo.3Seo.7) 09 was a result of the low 
number of Ag ions in this relatively thick film compared to thinner films characterised 
elsewhere [24, 781. 
Fig. 8.7(b) shows the measured sheet resistance as a function of measurement time. The 
depicted data suggested that Greek crosses showed little change in measured sheet re-
sistance over the considered measurement time. Therefore, possible Ag electrodeposi-
lion at the metal probe pads did not electrically alter the heart of the cross from where 
the sheet resistance was extracted. Greek cross test structures were therefore the better 
choice to measure sheet resistance compared to bridges where diffusion/ion migration 
at the contact pads altered the solid electrolyte resistance with time [138, 241. 
Sheet resistance measurements on Ago.i (Geo.3Seo.7) 09 showed that the solid electrolyte 
was non-uniform in thickness and composition. The extracted resistivity changed by 
255% across the sample, which was related to structural composition and Ag ion con-
tent of the solid electrolyte. The large variation in resistivity (number of Ag ions in the 
solid electrolyte) affected the the rate of Ag electrodeposition. This suggested that Ag 
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deposited tuning was subject to large variation as a result of the variability in the solid 
electrolyte film composition. 
Mechanical solid electrolyte characterisation 
Fig. 8.8 shows the extracted solid electrolyte mass density Pelectro as a function of can-
tilever beam length. The mass density Pelectro  varied for different cantilever beam 
lengths and was therefore dependent on the location of the die. This location depen-
dent variation in density suggested that the solid electrolyte had a non-homogeneous 
composition across the sample. Hence, non-homogeneous composition caused the 
measured variation in Pelectro  of +15%. From all measurements an average mass den-
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Figure 8.8. Solid electrolyte mass density as a function of resonator length. Extracted mass 
density of a 20nm thick Ago.1 (Geo . 3 Seo . 7 ) 09 solid electrolyte film as a function of can-
tilever beam length. The extraction of the mass density was performed using frequency 
measurements on polysilicon beam resonators and FEM simulations. The mass density 
was found by matching simulated resonant frequencies with measured ones. 
This result was slightly lower than expected. Calculations, assuming the solid elec-
trolyte volume consisting of 60% Ge2Se3 and 40% A92 Se, found a mass density value 
of Pelectro = 8,500kg m 3  [601.  This discrepancy again suggested a variability in solid 
electrolyte composition. 
The Eeiectro  was extracted from FEM simulations and is shown as a function of the res-
onator length for 80nm thick Ago.1 (Ge0.3Se0.7) 09 in Fig. 8.9. An average Young's mod-
ulus of Eeiec t ro =20 GPa was extracted from the FEM simulations. The average extracted 
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Figure 8.9. Solid electrolyte Young's modulus as a function of cantilever beam length. The 
Young's modulus of a 80nm thick Ag0 . 1 (Geo.3Seo.7) 09 was extracted by matching FEM 
simulations with experimentally determined resonant frequencies of blanket deposited 
cantilevers. The Young's modulus was found by matching simulated cantilever resonant 
frequencies with measurement data. 
Eei ec t ro  agreed well with values found in the literature for chalcogenide glass films con-
taining Ge - Se components being 21 CPa [114]. Eeiectro  changed of up to ±50% for 
the resonator length available, indicating a non-homogeneous composition across the 
sample. Again, as observed in case of Pelectro'  a strong variation in Eeiectro  indicates a 
non-homogeneous electrolyte composition, which needs to be optimised to ensure Ag 
deposited tuning with a high repeatability in frequency tuning. 
8.4.2 Electrochemical Ag deposited tuning — a model 
Ag deposited tuning of micromechanical polysiicon resonators is a process, which 
combines (i) electrochemical Ag deposition and (ii) mechanical vibration. To analyti-
cally model Ag deposited tuning, the theory of Ag electrodeposition and mechanical 
vibration had to be considered. This section describes in two parts the development of 
such a model, which predicted Ag deposited tuning of bridge resonators. In part one, 
a model for electrodeposition of Ag is derived on the basis of experimentally deter-
mined Faraday resistivity. Part two uses the developed electrodeposition model and 
vibrational theory (Ch. 2) to describe Ag deposited frequency tuning of bridge reso-
nators. 
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Electrodeposition 
To model Ag electrodeposition, the solid electrolyte, which covered the surface of 
bridge resonator and electrically connected the Ag anode with the Al cathode had to be 
considered (Fig. 8.10). An equivalent circuit was developed, which described the solid 
electrolyte electrically [146]. Fig. 8.10(b) depicts an adapted version of the equivalent 
electrical circuit, which electrically describes the solid electrolyte on the polysilicon 
bridge resonator. 
The solid electrolyte between the Ag anode and cathode was described by a number 
of variable and constant resistances. These resistances were formed by the Ag ion 
conducting solid electrolyte RF,  the Ag deposit RA g and a cathode double layer R. 
The resistance of the solid electrolyte and of the Ag deposit varied with progressing 
electrodeposition from the cathode to the Ag anode, while the resistance across the 
lOnm wide double layer remained constant [60]. The cathode double layer resistance 
is in the order of 2.1 x 10 8flcm 2 [146]. 
This double layer at the cathode was located inside the solid electrolyte, where nega-
tively charged electrons faced positive Ag ions (Fig. 8.10(a)). Electrochemical reduction 
between these two layers and subsequent Ag deposition only occurred, when the po-
tential difference across the cathode double layer was above 250mV [60]. However, 
Ag electrodeposition in case of blanket deposited bridge resonators required consider-
ably higher voltages as result of the comparatively large electrolyte RF and Ag deposit 
(RA g ) resistances, which were in series with R. 
Faraday's law of electrolysis applies in the these solid electrolyte systems and deter-
mined the mass of material deposited mAg, which was proportional to the amount of 
charge C supplied by the external electrical circuitry. The electric charge supplied by 






where t is the total deposition time and iF  the Faraday current. The charge required to 
deposit a given mass of material can be written as 
C = n(Ag)F 	 (8.3) 
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Figure 8.10. Physical and electrical representation of the Ag deposition scheme. (a) Po-
lysilicon bridge resonator covered with solid electrolyte. The magnified cathode-solid 
electrolyte region shows the lOnm wide cathode double layer, which consists of an 
accumulation of positively charged Ag ions and negatively charged electrons. (b) 
Equivalent electrical circuit describing the Ag deposition scheme. The circuit consists 
of a series connection of the Ag ion carrying solid electrolyte RF, Ag deposit RAS and 
cathode double layer R resistance. 
Page 134 
Chapter 8 	 Characterisation of frequency tuning by silver deposition 
where n (Ag) are the moles of Ag ions contributing to the electrodeposit and F=96,486 
C/mol is the Faraday constant [131]. Since one Ag ion combined with one electron to 
form atomic Ag, the deposited mass mAg  can be expressed as follows, 
lFdtAAg 
mAg= F 
The constant AA g = 107.9 g x mo1 1 is the molar mass of atomic Ag. Therefore, 
the deposited Ag mass can be calculated for a given Faraday current and time using 
Eq. (8.4). 
Including the applied electrical voltage ii and the total time dependent series resis-
tance R(t) between the Ag anode and the Al cathode, one can write Eq. (8.4) as 
tldtA ag  
mAg= R(t)F 
The time dependent total series resistance R(t) totai between the Ag anode and the Al 
cathode was given by: 
R(t) totai = Rp(t) + RAg (t) + R. 	 (8.6) 
The time dependent resistance of the solid electrolyte RF (t) was calculated from the 
so called Faraday "resistivity" F.  In practise, the Faraday current 1F  and "resistivity" 
through the electrolyte are unknown. One way of finding the Faraday current is to 
perform Ag deposition tests (Sec. 8.4.3) and subsequently measure the total volume of 
the electrodeposits VAg  using SEM imaging. The deposited Ag mass mAg  per unit time 
(dt = is) can then be related to the measured total volume VA g and deposition time t 
mA g - VA g 
PAgj 
where pA g=10,490kg m 3 [145] is the mass density of bulk Ag. Equation (8.4) can be 
rewritten to determine the Faraday current 
FmA g 
= AAgdt 
From the Faraday current iF,  a corresponding "resistivity" of the electrolyte can be 
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A time dependent Faraday resistance was calculated from this extracted "resistivity" 
value using 
* 	 RF(t) = 
	FALe1ectro 	
(8.10) 
- 	telectroW el ec tro  
where telectro and Welectro = w were the thickness and width of the solid electrolyte. The 
length AL eiectro of the solid electrolyte contributing to the overall RF (t) decreased with 
the progressing length of the Ag deposit LAg. Initially, the length of the electrolyte 
was equal to that of the polysiicon bridge L. With expanding Ag deposition, AL ejectro 
became 
AL eiectro = L - LA g . 	 (8.11) 
The length of the progressing Ag deposit LAg  was given by: 
LAg = VAgt 	 (8.12) 
where VA g was the velocity of the progressing Ag deposit. The velocity was deter-
mined by VAg = Lb/th 0 t, where tshort was the measured time from the start of deposi-
tion until the Ag anode and Al cathode were electrically shorted by the Ag electrode-
posit. The electrical short between the Ag anode and Al cathode was experimentally 
determined using a ammeter during deposited frequency tuning experiments. 
The resistance of the Ag deposit was determined by: 
-  
RA g (t) - AgLAg  
WAgtA g 
(8.13) 
where 	= 1.59 x 10 8Q m [145], WAg = w and tA g were the bulk resistivity, thick- 
ness and width of the Ag deposit. 
Using Equation (8.5) and Eq. (8.6), the deposited Ag mass on a blanket solid electrolyte 
deposited 200ym x 20ym x lym polysiicon bridge resonator was calculated and is pre-
sented as a function of time for a 2V DC bias (Fig. 8.11). For the calculations a 80nm 
thick blanket deposited solid electrolyte was assumed. 
Fig. 8.11 shows a nonlinear increase in deposited Ag mass with time for a 2V DC bias. 
The non-linear increase in Ag mass with time was a result of the Ag deposit extend-
ing along the polysilicon bridge resonator. While the Ag deposit progressed with time 
along the length of the bridge resonator, the overall series resistance by the external cir-
cuitry continuously decreased. A smaller series resistance produced a higher electrical 
current and therefore more deposited Ag mass with time. 
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Figure 8.11. Deposited Ag mass as a function of deposition time for a 2V DC bias. For the 
calculation a 80nm thick blanket deposited solid electrolyte on a 200pm x 20pm x 1pm 
polysilicon bridge resonator was assumed. 
Frequency tuning 
During Ag deposition, both the equivalent mass meeq and stiffness keeq of a solid elec-
trolyte covered polysilicon bridge resonator with perfectly clamped anchors changed 
constantly. The change in me eq and ke eq caused Ag deposited frequency tuning. To 
model Ag deposited tuning, the analysis presented in Sec. 2.3.2 was used. 
The equivalent mass meeq of a electrolyte covered polysilicon bridge is: 
L 
me eq = p01wt f (X(x)) 2 dx + PelectroWtelectro 
I
L 
(X(x)) dx 	(8.14) 
where p 01 =2,230kgm 3 and 	 (Sec. 8.4.1) are the mass densities of 
polysiicon and the solid electrolyte. The equivalent stiffness of the electrolyte covered 
polysilicon bridge resonator is: 
L fd2X(x) 2 	(d2X(x)2




dx2 ) dx 
	(8.15) 
where E0j=160GPa, 'poly' Ee!ecfro 21GPa (Sec. 8.4.1) and 'e  are the Young's modulus 
and second moment of area of the polysiicon bridge and the solid electrolyte layer. 
The second moment of area are: 
wt3 
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The presence of the solid electrolyte and Ag deposition caused a shift in the neutral axis 
of the bridge. Based on the discussions in Sec. 2.3.2, the new location of the neutral axis 
was calculated by transforming the cross section of the composite bridge resonator by 
multiplying the widths of the electrolyte and Ag with the following modular ratios 
Eeictro and rnrAg = 	(Fig. 8.12). The following Young's modulus values 
were used: E = 160GPa, Ee iec tro = 20GPa and EA g = 83GPa ([145]). 
The new neutral axis was calculated by: 
= WAgtAg (t + telec t ro + tAg/2) + Welectrotelectro (t + te i ec tro /2) + wt (t12) 
	
(ZVAgtAg) + (weiectroteiectro) + (tw) 	
(8.18) 
The second moment of area of the deposited Ag layer was: 
'Ag = 	(W)(tA g ) + (AA g )(t + telectro + 	- 	 (8.19) 
where AA was the cross sectional area of the Ag deposit. 
The frequency fAg  of a polysilicon bridge resonator covered with solid electrolyte and 
progressing Ag deposits was modelled by [34]: 
ke eq + Ak 
fAg = 	
eeq + Am 	
(8.20) 
where Ak and Am was the change in equivalent stiffness and mass produced by the 
deposited Ag. The change in equivalent mass Am is calculated as follows: 
L\fl = PAgU)tAgf0 
LAg 
(X(x)) 2 dx 	 (8.21) 
where PAg = 10,490 kg m 3 [145] was the mass density of the Ag deposit. 
The change in equivalent stiffness Ak was calculated 
d2X(x) 
Ak = EAgIAg 
JLAg 
( dx2 )
2 dx 	 (8.22) 
where EAg  was the effective Young's modulus of the Ag deposit (Ch. 2). 





Fig. 8.13 shows the change in resonant frequency as a function of time for 2V Ag depo- 
sition along a 200m x 201im x 1im polysilicon bridge resonator. The analytical calcu- 
lation assumed a continuously progressing blanket deposited 0.51im thick Ag deposit, 
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Figure 8.12. Cross section of polysilicon bridge resonator covered with solid electrolyte and 
Ag. (a) Cross section of composite bridge. (b) cross section of bridge after applying 
the transformed section method Sec. 2.3.2. To transform the cross sections of the 
solid electrolyte and Ag deposit, their widths were multiplied with the modular ratios. 
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Figure 8.13. Change in resonant frequency as a function of time. Calculated change in resonant 
frequency as a function of time for a DC bias of 2V. The calculation assumed a 0.5ym 
thick blanket deposited Ag deposit, progressing from the cathode towards the Ag 
anode of the bridge resonator. The progressing Ag deposit caused a time and location 
dependent frequency change. The deposited Ag located near the cathode and Ag 
anode end of the bridge increased the equivalent stiffness and resonant frequency of 
the bridge. Ag deposits passing through the middle section of the bridge increase the 
equivalent mass, which consequently reduced the resonant frequency. 
moving from the cathode to the Ag anode end of the bridge resonator. Ag deposits at 
the cathode initially increased the equivalent stiffness and resonant frequency. As the 
Ag deposits move further towards the middle of the bridge, the resonant frequency de-
creased as a result of the rising equivalent mass. The equivalent stiffness and resonant 
frequency increased again as the Ag deposit approached the Ag anode. Fig. 8.13 clearly 
identified a time dependent and therefore location dependent tuning behaviour. 
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8.4.3 Characterisation of Ag deposited tuning scheme 
After the integration of the Ag deposition scheme (Sec. 5.2.1), polysilicon bridge reso-
nators were gold wire bonded in a 28 pin DIP and attached to a piezo disk for vibration 
measurements. To analyse the Ag deposited tuning, the resonant frequency of polysi-
licon bridge resonators was measured before and after Ag deposition. Ag deposition 
was produced by applying a DC voltage between the Ag anode and Al cathode of poly-
silicon bridges. Cathodes of neighbouring bridges were set to the Ag anode potential, 
to ensure that only one device at a time was deposited with Ag. 
The characterisation of the Ag tuning scheme was based on the test of two bonded 
packages, tested with 2V and 3V. The Ag growth along the polysilicon bridge reso-
nators was detected using surface profiler and frequency measurements. Full bridge 
coverage was detected through the measurement of the electrical short between Ag an-
ode and Al cathode. Subsequent SEM and FIB imaging was used for characterisation 
of the Ag deposits. 
Preliminary results 
Initial tests of the Ag deposition mechanism on the first bonded package involved the 
application of 3V for 16 minutes between the anode and cathode of polysilicon bridge 
resonators. This resulted in the transport of Ag ions and subsequent deposition on the 
polysilicon bridges. Ag deposition on the two shorter structures ( Fig. 8.14) caused a 
-8% and -10% reduction in resonant frequency. The two longer 1501m and 2001m po-
lysilicon bridges showed tuning of -1.2% and +6.2%, respectively. This inconsistency 
was attributed to the variation in deposited Ag thickness along the length of long po-
lysilicon bridges (Fig. 8.15). Thick Ag deposits near the cathode of the long bridge 
resonators increased their equivalent stiffness and resonant frequency. In contrast, a 
more uniform Ag deposition along short bridge resonators increased the equivalent 
mass and therefore caused a reduction of resonant frequency. 
It was not possible to measure the deposited Ag thickness with an optical surface pro-
filer, because Ag electrodeposits had a high surface roughness, which was too high to 
provide sufficient reflection for the measurement. 
Preliminary results suggested that the application of a DC bias voltage between the 
anode and the cathode provided sufficient Ag ions for electrodeposition and subse-
quent frequency tuning of micromechanical polysilicon resonators. The deposited Ag 
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Figure 8.14. FIB images of Ag-deposited polysilicon bridge resonators. 	Ag deposited 
751imx20mx11im and 100ymx201imx1im polysilicori bridge resonators with -8% 
and -10% frequency change, respectively. Ag deposition was performed with 3V for 
a 16 minute period. The Ag growth was dendritic and connected Ag anode with Al 
cathode. Ag deposits on the shortest bridge were evenly distributed across the length 
of the bridge, while Ag deposits for the 100pm were concentrated in the middle of 
the resonator. Both cases caused an increase in equivalent stiffness and reduction in 
resonant frequency. 
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Figure 8.15. Polysilicon bridge resonators with with misaligned Al cathodes. Measured freq-
uency changes were -1% for 150imx20imx1im and +6% for 2001rnx2Oymx1Hm 
long polysilicon bridge resonators after 16 minutes using a 3V DC bias. More dendritic 
deposited Ag deposition near the cathode and anode caused an increase in equivalent 
stiffness and resonant frequency. 
thickness was non-uniform across the polysilicon bridges and caused a variation in 
detected frequency change between tested devices. 
Forms of Ag deposits 
During the tuning of polysilicon bridge resonators, three different forms of Ag de-
posits were observed. These Ag deposits were (i) dendritic, (ii) stringy and (iii) hillock 
shaped. The majority of samples showed dendritic Ag deposition (Fig. 8.15). Dendritic 
Ag deposits were non-uniform in thickness and irregular in shape along the length of 
individual resonators as well as between different devices on the same chip. The 'aria-
lion in Ag deposition thickness between different bridge samples and along individual 
devices reduced the repeatability of the detected frequency change and made it diffi-
cult to predict tuning. The difference in deposited Ag thickness was a result of the 
variability in solid electrolyte resistivity as shown in Sec. 8.4.1. 
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The second form of Ag deposition was the stringy pattern as shown in Fig. 8.16. These 
Ag patterns grew over several hundred microns along the sidewalls of scratches. In 
these samples, the scratches in the solid electrolyte were produced during the removal 
of the shadow masks used for the Ag anode and Al contact definition as described 
in Sec. 5.3.1. As can be observed in Fig. 8.16, Ag deposits perfectly aligned to the 
orientation of the scratch. 
Ag growth along the sidewalls 
of scratched electrolyte 
Figure 8.16. Ag deposits as stringy patterns using 2V DC bias. The SEM image shows Ag 
deposits perfectly aligned to the orientation of the scratch in the solid electrolyte. 
Scratches in the solid electrolyte were produced during the removal of metal shadow 
masks, which were used to produce the Ag anode and Al cathodes. 
Ag deposition on solid electrolytes was influenced by the Ag ion suppl)c electric field 
and surface area. The scratched areas had a higher field and a bigger surface area (and 
higher free volume) compared to the blanket deposited solid electrolyte. Therefore, 
Ag deposition was enhanced in the scratched areas compared to areas with no sur-
face damage. Lithographic patterning of the solid electrolytes into stripes or trenches 
provides the possibility of ensuring guided and more uniform Ag deposition onto po-
lysilicon bridges. However, further research is required to characterise Ag deposition 
in patterned solid electrolytes (Ch. 9). 
A third form of Ag deposition was hillock shaped as shown in Fig. 8.17. The two 
hillock shaped Ag deposits were concentrated at the interface between solid electrolyte 
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and Al cathode and were several micron in diameter. Ag deposition tended to proceed 
into the height rather in the lateral direction as in the case for dendritic patterns. It is 
well known that the Ag ion concentration and the base glass composition influence the 
form of electrodeposits [110, 78].  Hence, the observed deviation from the dendritic Ag 
growth pattern suggested a variation in Ag ion concentration and/or a variation in the 
base glass composition and confirms results made during the characterisation of the 
solid electrolyte (Sec. 8.4.1). 
Hillock Ag deposition 
Beam 100 4m long 
Figure 8.17. Ag deposited in hillock shapes using 2V bias for 70 minutes. The SEM image 
shows hillock Ag deposits forming at the interface between solid electrolyte and Al 
cathode located at the attachment region of the bridge resonator. The deviation in 
Ag electrodeposition from dendritic patterns suggested a variation in solid electrolyte 
composition and Ag ion concentration. 
Ag deposited frequency tuning 
After Ag deposited tuning was demonstrated successfully, further characterisation of 
this technique was performed on a 200 1um x 201im x 1,um polysilicon bridge resonator 
using 2V for 36 minutes (see Fig. 8.18). Before Ag deposited tuning started, frequency 
measurements of the polysiicon bridge showed a 7% difference in resonant frequency 
compared to the long bridge shown in Fig. 8.15. The reason for the discrepancy was the 
misalignment of the shadow mask, which was differed between these two resonators 
and contributed to the initial frequency variability. 
Despite the observed variability, the use of a 2 DC bias resulted in an Ag deposition 
pattern onto the resonator, which was less dendritic than in the case of Ag deposited 
tuning using 3V (Fig. 8.15). The difference in the Ag deposition pattern between these 
two samples was explained by the variation in Ag ion concentration in their solid elec-
trolytes. According to [110], deposition patterns of metal electrodeposits are influenced 
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by the metal ion concentration in the electrolyte. Recall that the Greek cross measure-
ments extracted a variation in "leakage" resistivity and concluded a variation in sam-
ple composition even for devices on the same test sample. Furthermore, it was found 
by the author elsewhere [24], that the conduction in these solid electrolyte systems was 
influenced by the level of Ag ion concentration. The observed variation in Ag deposi-
tion pattern was therefore a result of different Ag ion concentration between these two 
samples. 
These Ag deposition patterns started to form at the cathode of the polysilicon bridge 
once the 2V DC bias was applied between Ag anode and Al cathode. The measured 
electron current through the electrolyte during deposition was lOOnA, providing freq-
uency tuning with an impressive power consumption of 200nW. As a consequence of 
the Ag deposition process, the resonant frequency of the polysilicon bridge started to 
increase Fig. 8.18(b). The increase was a result of the increased equivalent stiffness. 
Equivalent stiffness is a function of location with maxima at both anchor sites and 
minimum in the middle of the polysilicon bridge [6]. Hence, Ag deposition near the 
anchors increased the equivalent stiffness and caused a rise in resonant frequency. 
When time progressed, more electrodepositions occurred and the Ag thickness at the 
cathode increased. A thicker Ag electrodeposit further increased the equivalent stiff-
ness and the resonant frequency of the polysiicon bridge rose to a maximum value 
of +10.7%. Once the Ag deposition pattern started to move along and towards the Ag 
anode, the equivalent mass of the bridge increased and frequency dropped. The equiv-
alent mass is a function of length, with a minimum at the centre and two maxima at the 
anchor points of the bridge [6].  Further deposition increased the equivalent mass and 
reduced the resonant frequency to a minimum value of -6.3% for full bridge coverage 
with Ag. 
The resonant frequency of polysilicon bridge resonators drifted during the measure-
ment on average by +77 Hz x minute 1 (+0.025% of the untuned resonant frequency). 
This drift was a result of heating of the polysilicon bridge over time. The heat was 
supplied by the vibrometer laser, which increased the temperature in the deposited 
polysilicon bridge and caused biaxial stress between the deposited Ag and the un-
derlying polysilicon. Biaxial stress caused further bridge buckling and an increase in 
resonant frequency with time. 
Analytically modelling presented in Sec. 8.4.2 deviated from the experimentally de- 
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Figure 8.18. Ag deposited frequency tuning of a polysilicon bridge with 2V DC bias for 36 
minutes. Ag deposited tuning of a 200ymx201imx1m was performed in vacuum 
under a constant pressure of 20ybar using 2V for 36 minutes. (a) SEM image of Ag 
deposited polysilicon bridge resonator with misaligned cathode. The enlarged pictures 
illustrated the non-uniform thickness in deposited Ag along the bridge resonator. (b) 
Resonant frequency as a function of time and (c) Measured frequency spectra during 
different stages of Ag deposited tuning. 
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in resonant frequency change between between modelling and experimental results 
was the non-uniform Ag deposition on polysilicon bridge resonators (Fig. 8.18(a)). 
The analytical model assumed a constant deposited Ag thickness (0.5ym) along the 
polysilicon bridge. In reality however, Ag was being deposited non-uniformly across 
the polysiicon resonator. Therefore, the measured frequency experienced an initial in-
crease in frequency as predicated by the analytical model, but did not show a repeated 
rise in frequency near the Ag anode of the bridge resonator. 
Apart from the resonant frequency, the Q-factor of tuned polysilicon bridge resonat-
ors was extracted from the measured frequency spectra as shown in Fig. 8.18(c). The 
extracted Q-factor reduced from an initial value of 2,600 to 1,400 after 36 minutes of 
tuning. This 46% decrease in the Q-factor was a result of deposited Ag, increasing the 
thermoelastic damping and degrading the Q-factor as the tuning progressed. How-
ever, these results are based on one sample and further experiments have to be per-
formed to confirm these findings. 
The Q-factor reduced further with the progressing Ag along the bridge resonator as a 
result of more thermoelastic damping occurring in the growing Ag deposit Fig. 8.18(c). 
As more Ag was deposited onto the polysilicon bridge resonator, the Q-reduction be-
came stronger. This confirms findings for FIB Pt deposited tuning, where the depo-
sition of Pt caused a decrease in Q. However, compared to the FIB Pt tuning, the 
Q-reduction observed for Ag deposited tuning was more severe. The reason for the 
difference was that more thermoelastic damping occurred in the deposited Ag than in 
FIB Pt. 
8.5 Conclusions 
In this chapter, an Ag deposition scheme was characterised for the purpose of freq-
uency tuning of flexural vibrating polysiicon bridge resonators. The medium used to 
transport and enable Ag deposition on the polysilicon bridge resonators was a blanket 
evaporated Ag loaded solid electrolyte. Ag ion migration was simply induced by a 
DC voltage between an oxidizable Ag-anode and an Al cathode. Once Ag ions arrived 
at the negatively charged Al cathode, a reduction of Ag and subsequent deposition 
occurred. Deposited Ag altered the equivalent stiffness and mass of the polysiicon 
bridge and consequently modified the resonant frequency. 
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The characterisation of the Ag deposited tuning scheme involved the analysis of the 
(i) solid electrolyte and (ii) Ag deposition and (iii) tuning. The characterisation of the 
solid electrolyte revealed a non-homogeneous structural composition, which caused a 
variation in electrical resistivity, mass density and Young's modulus. A direct effect 
of a strong variation in resistivity was a strong variability in thickness and shape of 
deposited Ag. This variability in Ag deposition made accurate predictions of Ag de-
posited tuning difficult. However, analytical modelling was able to predict the trend 
of Ag deposited tuning. 
The characterisation of Ag deposition found Ag with non-uniform thickness and ir-
regular shapes. Most interesting was the observation of Ag growth along scratches in 
the electrolyte. This means it may be possibly to pholithograhically pattern the solid 
electrolyte in future. Patterned solid electrolyte would reduce the amount of solid elec-
trolyte on the resonator, which would considerably reduce damping and increase the 
Q-factor. Photolithographic patterning would also reduce partial resonator coverage 
with Ag and Al, mainly a result of the coarse alignment of shadow masks used to inte-
grate the Ag deposition scheme with MEMS resonators. Coverage of bridge resonators 
with Ag and Al due to misalignment caused a variability in resonant frequency by 7%. 
The analysis of Ag deposited tuning found a dynamically in-situ, location dependent 
and bidirectional frequency change in polysilicon bridges (-6.3% to +10.7%) with an 
impressive 200 nW of power consumption. The mechanical Q-factor decreased with 
progressing Ag. 
From the current characterisation work carried out it can be concluded that the Ag 
deposition scheme is not immediately applicable to micromechanical filters and os-
cillators. The observed frequency variability and substantial Q-factor reduction (46%) 
would degrade the performance of micromechanical resonator in oscillators and band-
pass filters, which then do not meet the bandwidth and noise requirements in wireless 
transceivers. 
The use of shadow masks needs to be engineered to reduce misalignment, frequency 
variability and damping. Other tuning methods by comparison showed no or some re-
duction in Q [1, 16]. However, data on tuning repeatability was not reported by other 
researchers. To improve the repeatability in Ag deposited tuning, the structural com-
position of the solid electrolyte must be improved to produce layers with a uniform 
resistivity. Further, the performance of the tuning scheme would greatly benefit from 
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the photolithographic pattemmg of the Al contacts and Ag anode to avoid misalign-
ment errors. A consequence of better alignment is that partial resonator coverage with 
Ag and Al would not be an issue any longer and the frequency variability is reduced. 
This would make this technology applicable to filters and oscillators to perform the 
needed low power dynamic in-situ frequency tuning. The Q-factor of a resonator is 
further increased if the solid electrolyte on the polysiicon bridge is lithographically 
patterned or even omitted using alternative tuning arrangements. One arrangement 
is the deposition of Ag on the anchors of the resonator, which has been proposed by 
other researcher, but so far (to the authors knowledge) not been practically demon-
strated [72]. 
It should be noted at this point that the solid electrolyte and the Ag deposition at Ari-
zona State University used a non-optimised thermal evaporation type process that was 
inherently non-uniform with significant variation from run to run. In addition, the 
shadow mask alignment was extremely difficult and coarse and could be easily im-
proved to reduce the degree of misalignment. Hence, many of the issues arising from 
the work reported in this chapter can be be significantly reduced by relatively simple 
means 
In conclusion, the presented Ag deposited tuning method needs substantial perfor-
mance improvement in terms of electrolyte composition, repeatability and Q-factor. 
However, the concept of Ag deposited tuning is worth pursuing, because the pre-
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Conclusions and Future work 
9.1 Conclusions 
This thesis has evaluated technologies to provide low cost high yield fabrication and 
low power non-destructive tuning of micromechanical resonators. It has presented 
characterisation results of a CMP based polishing process and deposition methods for 
FIB Pt and electrochemical Ag frequency timing. This chapter briefly addresses the 
conclusions of the results presented, discusses the implications of this research for fu-
ture low power communication equipment and suggests future work. 
9.1.1 Characterisation of a CMP based polishing process 
Chapter 4 demonstrated and characterised a novel CMP based polishing process to 
simplify resonator fabrication and reduce device impedance. The characterisation of 
this process involved CMP polishing experiments, which found that relatively thick 
polysilicon can be successfully polished with a sufficiently high removal rate. This was 
important, because MEMS in contrast to semiconductor manufacturing, uses thicker 
layers to produce devices with the required performance. The CMP removal charac-
teristics in this work agreed with those found for semiconductor processing [119]. That 
is, the CMP removal rate is strongly dependent on the pattern density present on the 
test wafers. From these results the conclusion was made, that a uniform CMP polish-
ing rate and a sufficiently high device yield is achieved for MEMS test chip designs, 
which have an equal pattern density. 
After CMP polysilicon polishing tests were completed, wet chemical removal of lOOnm 
thick sacrificial gap Si02 was performed to investigate the DRIE sidewall profile of the 
planarised silicon test structures. SEM images showed a sidewall profile with scal-
loping. Scalloping reduces the effective total electrode-to-resonator area in microme-
chanical resonators and therefore increases their impedance. Further, it increases the 
surface roughness and is likely to have an impact on the Q-factor of fabricated resonat-
ors. A solution to the problem is hydrogen annealing of the resonator structures after 
DRIE etching, which smoothes the surface of Si structures [65]. Hydrogen annealing 
is a available in standard LPCVD reactors and can be combined with one of the stress 
annealing steps within the resonator fabrication flow. Another alternative is to use a 
recently developed scallop free DRIE process [ 75]. 
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The CMP resonator fabrication process, which has been presented, is not limited to 
one polishing step and can be extended. For example, a first CMP stage can be used 
to reduce the roughness of the resonator surface and a second one to planarise the 
electrodes. The advantage of the first polishing stage is a reduction in resonator surface 
roughness, which reduces internal damping and increases the Q-factor. Apart from 
the fabrication of resonators, CMP can also be employed to produce multilayer MEMS 
structures, micromirrors [116] and was lately used for MEMS and CMOS integration 
[68]. 
9.1.2 Fabrication and characterisation of MEMS resonators 
Chapter 5 and Chapter 6 demonstrated the successful fabrication of polysilicon mi-
cromechanical cantilever and bridge test resonators, which were used for the char-
acterisation of Focused Ion Beam (FIB) platinum (Pt) (see Ch. 7) and electrochernical 
silver (Ag) (see Ch. 8) deposited frequency tuning. These resonators were first charac-
tensed using SEM, frequency and deflection measurements before they were employed 
for tuning. SEM images and frequency measurements showed that these fabricated 
test resonators were fully released and functional. The analysis of frequency measure-
ments with FEM simulations found biaxial stress in the polysilicon resonators. Sources 
of the stress were a change in polysiicon deposition temperature and heavy phospho-
rus doping. The latter reduced the Young's modulus of polysilicon test resonators and 
confirmed findings made by other researchers [66]. 
The reason to minimise biaxial stress in polysilicon is to prevent buckling, which in 
extreme cases can result in permanent attachment of the resonators to the underly-
ing substrate. This would considerably reduce device yield and increase cost. In this 
work, biaxial stress was reduced by the optimisation of the polysilicon deposition pro-
cess (Appendix B). Low stress polysilicon resonators produced from a second test chip 
showed little or no buckling, which was achieved using a tensile polysilicon film to 
start with and subsequent phosphorus doping. In principle, biaxial stress can be fur-
ther reduced by matching the phosphorus doping concentration in the polysilicon to 
the desired biaxial stress (Appendix B). 
During the frequency measurements it was found, that the measured resonant frequen- 
cies of polysilicon resonators changed with time. A possible cause of this frequency 
variation was stress relief in glue, which was used to attach the resonator sample to a 
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copper carrier plate. This effect was discovered at the very end of this project and is 
future work. 
9.1.3 Characterisation of frequency tuning by FIB platinum deposi-
tion 
Chapter 7 successfully demonstrated and characterised FIB Pt deposited tuning of 
micromechanical 3C SiC and polysiicon cantilever beam and bridge test resonators. 
Note, that Pt deposited tuning was performed on resonators with typical resonant 
frequencies in the kHz range as opposed to MHz and GHz, which are used in wire-
less low power transceivers. These rather low frequency resonators were chosen for 
three reasons: (i) these devices are relatively quickly to fabricate, (ii): they are simple 
test structures and relatively easy to analyse and (iii) their low resonant frequency re-
duces the requirements on measurement equipment to demonstrate and characterise 
the technology of selective Pt deposited tuning. 
Selective Pt deposition at tips of polysilicon and 3C SiC cantilevers and middle sections 
of bridge resonators changed the resonant frequency by up to -15.6% as a result of an 
increase in equivalent mass. FEM simulations and analytical modelling predicted and 
explained this so called "mass tuning" effect. Theoretically Pt deposition can also be 
used to increase the equivalent stiffness and consequently the resonant frequency of 
test resonators. This so called "stiffness tuning" effect is future work. 
Compared to other tuning methods, such as laser trimming [1], relatively large freq-
uency changes were achieved without causing any device failure. The latter charac-
teristic of this tuning method is essential, because it increases the yield and reduces 
cost of fabricated micromechanical resonators. In addition, the wide tuning range is 
beneficial in cases of biaxial stress in bridge resonators (Ch. 6), to compensate for the 
large changes in resonant frequency. 
Surface profiler scans found tuned resonators with up to 57% thicker Pt deposits than 
expected. The reason for this discrepancy was the widening of the FIB beam aperture, 
which resulted in a higher FIB Ga ion beam current and thicker deposits. Despite 
thicker Pt deposits, the measured change in resonant frequency was lower than pre-
dicted by FEM simulations and analytical modelling. The reason for the difference in 
tuning was a lower mass density of the FIB deposited Pt compared to the bulk value, 
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which was used for the initial calculations. The difference in mass density was ex-
plained by enclosure of organometallic material inside the deposited platinum and a 
variation in Ga+  ion beam current density. The former not only changes physical but 
also electrical properties of the deposited films [115]. The large variation in deposited 
FIB Pt thickness over the life time of the FIB machine makes accurate tuning of RF fil-
ters difficult and needs to be avoided. However, this is no longer an issue, when the 
resonant frequency is tuned in real time (see Sec. 9.2.3). 
Far more critical than a variation in deposited Pt thickness was a reduction in the Q-
factor (74%) of SIC and polysiicon resonators over time due to thermoelastic damping 
in deposited surface contaminants and Pt. The source of surface contamination was 
deposited wax, which was used to mount resonator samples onto a piezoelectric disk 
for vibration actuation. The presence of deposited of wax was evident through a re-
duction in resonant frequency of SiC and polysilicon reference cantilevers after each 
measurement session. It was found that the deposited wax markedly decreased the 
Q-factor (60%) of resonators compared to the FIB deposited Pt. In any case, a strong 
reduction in the Q-factor of micromechanical resonators after FIB Pt deposited tuning 
is not acceptable, because it severely influences the frequency selectivity of RF filters 
and consequently degrades the signal quality in wireless transceivers (Ch. 2). 
It should be be noted at this point, that the deposited wax is not not a fundamental is-
sue of this tuning technology and can be easily avoided by resonator vacuum packag-
ing after FIB tuning and electrostatic vibration actuation and sensing. The latter would 
also reduce the observed variability in measured bridge resonant frequency and Q-
factor. This variability, as observed in Chapter 6, was believed to be a result of stress 
relief in glue, which was used to attach resonator samples to a copper carrier plates 
in order to perform vibration measurements. Deposited wax is no longer an issue for 
electrostatic actuated resonators, since a piezoelectric disk is not required to perform 
frequency measurements. 
Characteristics of FIB Pt tuned bridge resonators presented in this thesis are already 
sufficient for Low Frequency (LF) filters and reference oscillators in wristwatches, wh-
ere devices with lower resonant frequencies and moderate Q-factors are used [143, 891. 
Other areas of interest for FIB Pt deposition include frequency tuning and calibration 
of gyroscopes and ultra-sensitive mass sensors [35, 10]. 
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9.1.4 Characterisation of frequency tuning by silver deposition 
Chapter 8 successfully demonstrated low power and real time electrochemical de-
posited tuning of micromechanical polysiicon bridge resonators. This Ag deposited 
tuning technology was demonstrated on simple low frequency test resonators for rea-
sons highlighted in the previous section. Frequency measurements before and after Ag 
deposition found location dependent bidirectional tuning (-10% to + 10.7%). 
The trend of this location dependent tuning process was analysed and predicted by 
analytical modelling. Experimental results and analytical modelling did not match, 
because of the non-uniform deposited Ag thickness along bridge resonators and com-
pressive biaxial stress in the polysilicon (Ch. 6), which was not accounted for in the 
model. However, analytical modelling gave a valuable insight into the dynamic be-
haviour of the Ag deposited resonators. 
Relatively long times of up to 36 minutes were required to achieve full Ag coverage of 
polysilicon bridge resonators using a 2V DC bias. This is not a fundamental problem 
of the tuning technology, since a higher Ag concentration in the solid electrolyte and 
larger DC bias voltages enable the deposition of more Ag in a shorter time [110]. Ag 
deposition tests need to be performed with different DC bias and solid electrolyte con-
figurations to find an optimum for Ag deposited tuning of micromechanical resonators 
(see Sec. 9.2.4). 
The integration of the Ag deposition scheme with polysilicon resonators using shadow 
masks needs improvement. Shadow masks were used in this work to prevent contam-
ination of the University of Edinburgh micromachining facilities with Ag. The manual 
alignment of these metal masks caused partial coverage of the resoriators with Ag an-
odes and Al contacts. This resulted in a frequency variability of 7% between different 
resonators after shadow mask alignment. The detected variability in resonant freq-
uency needs to avoided to ensure that all resonators in a filter or oscillator deliver the 
same performance. Misalignment and frequency variability can be prevented using 
photolithographic patterning and subsequent etching to define the Ag anode and Al 
contacts. This eliminates the overlay of the resonator with Ag and Al and increases the 
repeatability of Ag deposited tuning. An immediate improvement is achieved using 
DRIE micromachined shadow masks [76]. 
Ag deposition was observed along scratches in the solid electrolyte, which opens the 
possibility of applying standard photolithography and subsequent etching to define 
Page 156 
Chapter 9 	 Conclusions and Future work 
lines of electrolyte on the resonator structure or alternatively on its supports. Pho-
tolithographic patterning reduces or even eliminates the amount of electrolyte on the 
bridge resonators and decreases thermoelastic damping. Lower damping translates 
into a higher Q-factor for the resonators. 
Ag deposition along defined lines of solid electrolyte increases the repeatability for Ag 
deposited tuning. The placement of solid electrolyte lines and subsequent Ag depo-
sition along these lines is particularly attractive on the anchor regions of the bridge 
resonator: In this case, no solid electrolyte or Ag is being deposited on the resonator 
structure itself, which further reduces the damping and maintains a higher Q-factor. 
This would help to prevent the strong decreases in the Q-factor by more than 46% that 
was observed on polysilicon bridge resonators after Ag deposition. Such a decrease 
is not acceptable for RF filters or oscillators, which require a high Q-factor to provide 
power saving and robustness against interferences in wireless communication equip-
ment. 
The repeatability of the Ag deposited tuning can be further improved by the optimi-
sation of the solid electrolyte composition. Electrical and mechanical measurements 
on test structures found that the solid electrolyte shows a strong variability in its me-
chanical and electrical properties, which both contribute to the low repeatability of Ag 
deposited tuning that was observed in deposition tests and tuning experiments. In this 
work, only a small number of samples were tuned with different DC bias voltages and 
therefore no final conclusion can be made about the influence of the non-homogeneous 
electrolyte composition on the Ag deposited tuning. In any case, RF ifiters require a 
tuning scheme with a high repeatability and hence electrolyte composition needs sub-
stantial improvement. 
The impact of this technology, once optimised in terms of Q-factor and electrolyte com-
position, to the field of micromechanical resonator research and society is tremendous. 
This method is the first published (to the authors knowledge), which offers real time 
low power (200nW as opposed to 10mW) frequency tuning of micromechanical reso-
nators using low voltages (<5V) [51]. This makes this method particular attractive to 
low power electronics with limited battery capacity such as mobile phones and wrist-
watches. In addition, it also offers the opportunity to tune the resonant frequency in 
response to changes in ambient temperature and pressure throughout the lifetime of 
the resonator, using substantially less power than any other method published. At the 
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same time, this method makes power consuming methods such micro oven control or 
thermal tuning methods redundant [88]. 
This technology is not only bound to micromechanical resonator frequency correction, 
it can also find application in sensors to detectthe level of Ultra Violet (UV) exposure 
of photoresist inside a wafer scanner. Remember that the solid electrolyte is doped 
with Ag by means of UV photodissolution and its resistance changes depending on 
the UV level. Solid electrolyte incorporated in these sensors would allow the UV expo-
sure of photoresist to be measured during photolithography without the need for time 
consuming experiments. 
9.2 Future work 
In the course of the fabrication and tuning of micromechanical resonators, this research 
has identified many items that need further investigation. These are described in the 
following sections. 
9.2.1 Characterisation of a CMP based polishing process 
Part of this PhD project was to decrease the impedance of capacitive actuated reso-
nators using the presented CMP polishing based process and novel device designs. 
Various novel resonator and ifiter designs were included in a test chip layout and were 
presented in Appendix C. Due to time constraints, the designed test chip was not fab-
ricated as part of this work. Hence, fabrication and testing is planned for future work. 
One of the critical paths during fabrication of these resonators is the wet chemical re-
moval of the nanometer thick Si02 in the transducer gaps. The thinner the gap width 
between the transducer electrodes and resonators, the slower is the etch process to re-
move the nanometer wide sacrificial Si0 2 . Etching at alleviated temperatures and the 
use of agitation might help to reduce the time required to remove the Si0 2 in nanome-
ter scale capacitive gaps. 
An alternative approach is to use internal electrostatic actuation by filling the trans-
ducer gaps with high-k dielectrics (eg. Ti02) as shown in Fig. 9.1. These dielectrics 
have a higher permittivity than air and therefore decrease the impedance substan-
tially [7]. This would make wet chemical etching of nanometer thin gaps redundant, 
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simplify fabrication and therefore reduce cost. In addition, unwanted collection of par-
ticles inside the transducer gaps would not be an issue and resonators are less affected 
by mechanical shock [701.  However, CMP polishing and selectivity between polysili-
con and those dielectrics would have to be characterised. 
Using either air or dielectric filled transducer gaps, process recipes for the DRIE etch 
process need to be optimised to reduce the resonator sidewall scalloping. Straight side-
walls are required in capacitive transducer gaps to maximise the resonator-to-electrode 
area and to provide resonators with low impedances. An alternative way to reduce 
scalloping is to combine standard DRIE etching and subsequent hydrogen annealing 
to smoothen the sidewall roughness [65]. Both methods are available in standard semi-
conductor processing facilities. Another alternative is to use a scallop free DRIE pro-
cess [75]. 
9.2.2 Fabrication and characterisation of MEMS resonators 
Biaxial stress in polysilicon MEMS resonators has room for further reduction. Biaxial 
stress in doped polysilicon can be minimised by a reduction in phosphorus concen-
tration, while in undoped polysilicon resonators stress can be further reduced by a 
change in deposition temperature (Fig. B.4). A decrease in biaxial stress causes smaller 
frequency changes and buckling in polysilicon bridge resonators. 
In this work, the measured resonant frequency of polysilicon bridge resonators was 
subject to large variations believed to be due to stress relief in glue, which was used 
to attach the resonator samples to a copper carrier plate. However, this effect was dis-
covered at the very end of this PhD project and needs further investigation. To analyse 
this effect, one sample of polysiicon bridge resonators is glued to an aluminium and 
another to a copper carrier plate. Both plates are heated using a soldering iron and 
the resonant frequency of bridges is recorded over time. The use of different carrier 
plate materials with distinct thermal expansion coefficients will determine whether 
the plate material or the glue causes the observed frequency variations over time. In 
case experiments confirm glue being the cause for the observed frequency variations, 
further experiments can be carried out with hot and cool carrier plates to quantify the 
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Figure 9.1. CMP fabrication of MEMS resonators with internal electrostatic actuation. High-
k dielectrics have a higher permittivity than air and substantially increase the electrome-
chanical coupling in capacitive transducer gaps with the effect of lowering the resonator 
impedances. The application of these high-k dielectrics in ultra thin transducer gaps 
dramatically reduces the impedance of micromechanical resonators. This makes the 
wet chemical etching of sacrificial material in nanometer gaps redundant, simplifies 
fabrication and reduces cost. 
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9.2.3 Characterisation of frequency tuning by FIB platinum deposi-
tion 
In Chapter 7 it was found, that deposited Pt located at tips of cantilevers and mid-
dle section of bridges caused an increase in their equivalent mass and consequently 
reduced their resonant frequencies. Frequency tuning produced by an alteration of 
equivalent stiffness has not been demonstrated yet and is future work. To demonstrate 
this "stiffness tuning" effect, Pt is selectively deposited at the clamped end of can-
tilevers and bridges. Deposited Pt at these locations increases the equivalent stiffness 
and frequency of resonators. FIB Pt deposition on the anchors would provide another 
way of FIB tuning and should be exploited [72]. Special attention should be paid to 
the FIB tuning of resonators using smaller Pt amounts. These Pt deposits cause smaller 
changes in frequency and improve the tuning accuracy, which is required for RF filters 
with bandwidths as small as 0.06% [84]. The advantage of smaller Pt volumes is less 
thermoelastic damping, which preserves a high resonator Q-factor. As an alternative, 
tungsten (W) should be considered for FIB deposited tuning of micromechanical reso-
nators. Tungsten has a higher Young's modulus and density than Pt. Therefore, smaller 
amounts of W compared to Pt would be required to achieve the the same change in res-
onant frequency. This would reduce the FIB deposition time and operation costs. 
Once Pt or W is deposited, the influence of the temperature on the tuned resonant freq-
uency needs to be characterised.' This is essential, when FIB Pt or W tuned resonators 
are used as RF filters or oscillators inside wireless transceivers. These devices require 
a stable resonant frequency with temperature. However, drift of resonant frequency 
with temperature is not an issue thanks to developed compensation schemes devel-
oped by other researchers [48]. In addition, the long term stability (aging) of this FIB 
tuning method needs to be characterised. 
The possibility of Pt and W being deposited on both ends of bridges rather than in the 
centre of the bridge should be investigated to further reduce damping. This would 
enable a symmetrical rather than an asymmetrical loading of the resonator during vi-
bration and has, in the case of laser trimming, preserved the Q-factor [1]. 
To transfer the presented FIB tuning method to frequencies found in wireless transcei-
vers, high-Q capacitive transduced disk resonators need to be used (Fig. 9.2). These 
resonators, when employed in RF ifiters or oscillators require frequency tuning with 
an accuracy of up to 0.03% [841. To make such accurate changes in frequency real time 
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timing is required. Real time tuning entails FIB selective Pt/W deposition during res-
onator actuation (Fig. 9.2). The resonant frequency is constantly monitored through 
a network analyser and Pt/W is deposited until devices operate at their desired reso-
nant frequency. This would reduce excessive FIB Ga±  ion exposure of the resonators, 
improve the accuracy of FIB deposited tuning and reduce the impact on the Q-factor. 
The observed variation in deposited Pt thickness would no longer be an issue. 
9.2.4 Characterisation of frequency tuning by silver deposition 
One of the consequences of the research work carried out on the electrochemical Ag 
deposited tuning scheme is that the composition of the solid electrolyte needs improve-
ment. A homogeneous solid electrolyte composition ensures equal Ag deposition for 
a given DC voltage on all beam resonators. This is a basic requirement for resonators 
used as filters in transceivers, where a specified tuning characteristic has to be ensured. 
Another requirement is low damping and a high-Q-factor of trimmed devices. Hence, 
the influence of the solid electrolyte and Ag deposits on the Q-factor of resonators 
requires further investigation. Once the solid electrolyte is homogeneous in its com-
position, the electrodeposition can be characterised in dependence of voltage, Ag ion 
content and surface roughness of the underlying polysilicon. 
The stability of Ag tuned resonators needs investigation in dependence of temperature. 
A low temperature coefficient in micromechanical resonators is required to ensure a 
stable resonant frequency despite'changes in ambient temperature [48]. The change in 
resonant frequency with temperature is not an issue in Ag deposited resonators, since 
any change in frequency can be corrected by additional depositions throughout the 
lifetime of the device. This is one of the most attractive properties of this technology 
and should be further exploited. 
Further improvement can be achieved by the photolithographic patterning of the solid 
electrolyte, Ag anode and Al contacts. Patterning reduces the misalignment of Ag 
anode and Al contacts and therefore increases the repeatability of frequency tuning. 
Electrodeposition tests along patterned solid electrolyte lines are of interest, since they 
reduce the amount of solid electrolyte on the bridge resonators and provide guidanc 
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Figure 9.2. Real time FIB Pt/W deposited frequency tuning. Pt or W is selectively deposited 
onto high-Q in-plane vibrating micromechanical disk resonators during actuation. This 
improves the accuracy of achievable frequency changes and avoids possible frequency 
variability, arising from from a variation in FIB deposition rate over time. Note, input 
and output electrodes located at the perimeter of the disk resonator are omitted from 
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explored as an alternative way of tuning [72]. Once the Ag deposition scheme is op-
tin-used in terms of Q-factor and repeatability, Ag deposited tuning can be transfered 
to resonators with higher operating frequencies, such as disks. Fig. 9.3 shows a pos-
sible example of Ag deposited tuning of disk resonators along photolithographically 
patterned solid electrolyte. 
Tuning of disk resonators 
Ag_ion transport due to 	 Side view: 
	
Front view: 	 Dvolt09e between Ag anode 
nd Al h a one 
Ag anode 
uminium () cath 	
- 	/ 
 Ag doped solid-electrode 	 Aluminium (Al) cathode 
(pafterned)  
Anchor 
Silicon substrate 	 Silicon substrat 
rowing electrodeposit \ 
Figure 9.3. Possible arrangement for Ag deposited tuning of a micromechanical disk res-
onator. Photolithographically patterned and etched Ag anode, Al contacts and solid 
electrolyte provide repeatable frequency tuning. Ag deposits form at the Al cathode and 
progress along the patterned solid electrolyte onto an in-plane vibrating micromechan-
ical disk resonator, altering the resonant frequency with time. Note, input and output 
electrodes located at the perimeter of the disk resonator are omitted from the schematic 
for clarity. 
In theory, Ag electrodeposition is reversible. This has not been demonstrated yet and 
is another field of interest for further research. The reversibility could become useful 
if the frequency were to change after initial tuning as a result of changes in ambient 
humidity or temperature. This would substantially improve the long term stability of 
resonators. Resonator lifetime is another field of interest, which needs to be investi-
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9.3 Final conclusions 
The work presented in this thesis has demonstrated a CMP based polishing process, 
FIB Pt and electrochemical Ag deposition to provide a fabrication and tuning platform 
for micromechanical resonators. Previously, the applicability of micromechanical re-
sonators as filters and oscillators in wireless communication equipment was hindered 
by their relatively high fabrication cost and impedance. In addition, available post-
fabrication tuning methods were often accurate enough to cause the required freq-
uency changes, but tended to cause the resonator devices failure and used relatively 
high power and tuning voltages. In contrast, a CMP polysilicon polishing demon-
strated a low cost fabrication platform for micromechanical resonators with a reduced 
number of processing steps. In comparison to a recently published CMP method [100], 
the polishing process presented in this work increases the device yield by including 
a polishing stop layer, and tends not to cause transducer gap widening as a result of 
photoresist tapering, which can severely increase device impedance. 
FIB Pt and electrochemical Ag deposition provided frequency tuning of micromechan-
ical resonators without any device failure and with considerably lower power con-
sumption than any other previously demonstrated methods. This increases the yield 
of fabricated resonators, reduces the power consumption and cost of future wireless 
communication equipment. 
The study of the two tuning methods using micromechanical beam resonators gave 
a valuable insight into their characteristics, provided a basis for further research and 
helped to provide useful technologies for future communication equipment. 
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Measurement methods and 
equipment 
T
his part of the thesis describes different measurement methods 
and equipment used for the development and charcaterisation 
of a polysilicon surface micromachining processes and Ag de-
posited tuning. 
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A.1 Measurement methods for fabrication processes 
This section reviews physical, optical and mechnaical measurements methods used for 
the charcaterisation of a polysilicon surface micromachining and CMP planarisation 
process. 
A.1.1 Physical measurements 
One of the simplest physical measurements involves the patterning and subsequent 
etching of a thin film to be measured. The film thickness is then measured by moving 
a needle stylus over the generated steps (see Fig. A.1). 
Commercially available stylus profiler can measure step heights down to lOnm. More 
advanced instrumentation such as Atomic Force Microscope (AFM) can detect step 
heights down to lÀ [9]. These instruments can not only the thickness of a film, but 
also surface roughness and grain sizes. AFM measurements are obtained by the mea-
surement of the force on a sharp tip created by the proximity to the surface of the 
sample. When the stylus is moved it follows the surface contours of a sample. This 
enables to create a surface map of a small area of a deposited film or substrate. 
Other physical measurement techniques for measuring the film thickness include Scan-
ning Electron Microscope (SEM) or high resolution Transmission Electron Microscope 
(TEM) cross-sectional images. In case of the SEM, a beam of electrons is accelerated 
and focused onto the sample surface using electrostatic and magnetic lenses (Fig. A.2). 
The incoming electrons provide energy for electrons in the sample, allowing them to 
be emitted from the surface. The image is obtained from these so called secondary 
electrons, which are collected by a detector. If the incoming beam is rastered in the XY 
direction, an image from the the region of interest can be obtained [90]. 
The TEM, detects electrons passing through the sample. The image from a TEM comes 
from the transmitted electrons after they pass through the sample and impinge on a 
phosphor screen [97]. Feature sizes down to the 0.2 nm can be extracted using the 
cross sectional techniques. However, time consuming sample preparation makes this 
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Figure A.1. Principle of a stylus profiler. Measurement of film thickness by scanning a needle 
stylus over a generated film pattern. 
A.1.2 Optical measurements 
Optical measurement techniques are widely used to measure film thicknesses and lat-
eral dimensions. One of the simplest ways to measure the film thickness of LPCVD 
silicon dioxide (Si02), silicon nitride (Si3N4) and polycrystailine silicon films on a re-
flective substrate is by the human eye under flourescensic daylight using colour charts. 
This technique is based on the principle that if white light is used to illuminate a thin 
transparent dielectric film on a reflective substrate, destructive interference will occur 
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Figure A.2. Schematic of a Scanning Electron Microscope (SEM). A high energy electron beam 
is accelerated and focused onto the sample. An image is obtained from the collected 
secondary electrons emitted by the high energy electron beam. (Picture courtesy: 
Rensselaer Polytechnic Institute (RPI) [1071) 
for some wavelengths in the reflected light, giving it a characteristic colour. The ob-
served colours repeat every 200nm for Si3 N4 and every 300nm for Si0 2 . The human 
eye is remarkably good in distinguishing colour and an estimate of thickness within 
10-20nm can be made using these charts. However, Si0 2 below 500nm has no colour 
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One method to measure the thickness thin films is to use a spectrophotometer. A spec-
trophotometere illuminates a transparent dielectric film, deposited on a reflective sur -
face, with monochromatic light of a single wavelength A at an angle ( Fig. A.3) [97]. 
II 
n 2 
Substrate (Si - wafer) 
Figure A.3. Measurement of transparent dielectric films using a spectrophotometer. Light 
reflection from a sample with a transparent thin film on its surface. no is the index of 
refraction of air (1.0), n1 is the index of refraction of thin dielectric film and 112 is the 
index of refraction of the substrate. 0 is the angle of the incident light, /3 is the angle 
of the reflecting light at the bottom interface. 
Reflection of the light occurs at the top and bottom layer of the film to be measured 
and return to two light waves. For some wavelengths A, these two reflected waves are 
in phase andadd; for other A, destructive interference occurs. The reflected intensities 
forms maxima and minima as A is varied. Maxima and minima occur for example in 
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and in = 1,2,3... for maxima and 1/2,3/2,5/2,... for minima. In practise, A is swept 
with at a constant ip. The dielectric film thickness can then be determined by fitting the 
reflected light intensityto Eq. (A.1). 
One condition to use this technique is that the refractive index of the dielectric film 
must be known. This techniques works reliable for film thicknesses greater than a few 
tens of nm. For thinner films it is difficult to detect the first interefence minimum unless 
very short wavelength are used. 
For thinner layers, as in gate oxides (< lOnm) in Metal Oxide Semiconductor (MOS) 
structures, the n 1 varies with process conditions and the thickness can not be deter-
mined precisely. In this case, ellipsometry is the better alternative to measure the film 
thickness. An ellipsometer uses polarised light measures the change in polarisation 
of the reflected light from the dielectric/substrate surface. The change in polarisation 
depends on the film thickness and index of refraction. Conditions for the measure-
ments is that the film is transparent for wavelengths being used and the properties of 
the substrate are known. Ellipsometry is very versatile and is able to measure stacks of 
several layers with different dielectric properties. Commercial available ellipsometer 
are able to measure thickness down to mm. 
A.1.3 Mechanical measurements 
While physical and optical measurements can extract information about film thickness 
and make estimations about the qualitative film composition, mechanical measure-
ments are employed to determine elastic film properties such as Young's modulus, 
density and stress. These parameters have an influence on the resonant frequency and 
of micromechanical resonators. The knowledge of elastic parameters is important to 
the MEMS designer in order to accurately predict the device behaviour of resonat-
ors. Excessive residual stress in movable micromechanical devices produces strong 
bending, which can cause failure of resonators. Therefore, stress has to be tailored to 
produce micromechanical resonators with a predictable device behaviour. 
Stress in thin films can be divided into extrinsic and intrinsic. Extrinsic stress is caused 
by thermal mismatch due to different expansions coefficient between two layers during 
a change in temperature. Intrinsic stresses are generated during the film composition 
process [73]. Young's modulus and density are effected during the film deposition 
process. In most cases these parameters are extracted from test structures and methods, 
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which are refered as mechanical measurements. Mechanical measurements involve 
test structures and can be divided into static and dynamic tests. One of the simplest 
static tests is the disk method Fig. A.4. 





Figure A.4. Disk method. Measurement of wafer curvature R before and after deposition. Any 
change in R is attributed to biaxial thermal stress 0fh  in thin films. 
The disk method is based on the measurement of the deflection in the centre of the disk 
substrate (silicon wafer) before and after film deposition. Since any change in wafer 
curvature is attributed to the stress in the deposited film, stress can be calculated by 
measuring these changes. Stress in thin films can be found by employing the Stoney 
equation, relating film stress to substrate curvature [120]: 
1 	E 	T2 
OthR(l v) t 
(A.3) 
where I / R = 1 / R 	- 1 / R, 1 1 1 j is the radius of curvature of the bent silicon wafer. In 
practise the wafer curvature is measured before Rj,itj a i and after Rj7ia i film deposition, 
since the wafer substrate is not flat to start with. The biaxial modulus of the silicon 
substrate is given by (1E1,),  where E is the Young's modulus and v the Poisson's ra-
tio. The parameters T and t are thicknesses of the substrate and the film, respectively. 
Wafer curvature can be measured using a surface stylus profiler scanning across the 
entire wafer diameter. These measurement can only give a measure of the global stress 
in the film. 
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In order to extract intrinsic stress locally in films, micromachined test structures have 
to be used. Examples of these are strain gauges, spirals, fixed-fixed beams and can-
tilevers. Clamped-clamped beams with increasing length can be used to determine 
the critical buckling load and hence deduce the residual compressive stress in poly-
crystalline silicon films [40]. The buckling strain for clamped-clamped beams is given 
by: 
Pa 	7c
2  h 2 
- - 3L 
(A.4) 
where Fa  is the axial force acting on the beam cross section A, £ the Young's modulus 
h the thickness of the beam. Buckling of simply supported or clamped beams is only a 
function of the beam geometry and not material parameters. 
Cantilever beams can be used to determine the stress gradient in a thin layer such 
as Low Pressure Chemical Vapour Deposition (LPCVD) polycrystalline silicon. The 
stress gradient cTg .adien t of a thin film can be extracted from the cantilever tip deflection 
öcan til ever  [32]. 
E töcan  tilever 
gradient = 	L2 	
(A.5) 
where E, t and L are the Young's modulus, thickness and length of the cantilever. 
Apart from measuring stress, cantilevers and bridges can also be used to determine 
elastic properties of thin layers such as Young's modulus and Poisson's ratio [95], [132]. 
One common method is the so called resonant method. The resonant method is based 
on the fact that the resonant frequency of a resonator (cantilever or bridge) depends 
on device dimensions as well as on elastic properties of the resonator material such as 
the Young's modulus. Therefore resonant frequency is a mean to deduce the elastic 
properties of thin films. Other parameters such as density can also be derived from 
measurement of resonant frequency. This a very powerful method, since it is not de-
structive and can give information about the stress distribution across the die. 
According to the vibration analysis of a Euler-Bernoulli beam model, the Young's mod-
ulus E and the n-th natural frequency of the bending beam vibration (fB ) of a can-
tilever has the following relationship [1291: 
E - 	
(fB 48 7 r2pL4 	
2 
(A.6) 
- (L) 4 h2 
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where p is the density, L and h the length and thickness of the cantilever, respectively. 
The parameter (S L) is the constant associated with the n - th flexural mode of the 
beam and is /3i  L = 1.875 for the first flexural mode. Resonant frequencies can for 
example be measured using a optical workstation as described in Sec. 6.2. 
A.2 Electrical characterisation methods 
Electrical measurements are used in semiconductor research extensively, because they 
are non-destructive and do not require time consuming sample preparations. They 
extract parameters such as resistivity, capacitance, and so on. The measurement of 
resistivity for example provides information about the quality of the film composition 
and fabrication process. It also give an insight into doping levels of polysilicon, which 
has an effect on the oxidation rate [53]. Resistivity is an essential parameter for the 
MEMS engineer to make realistic device analysis possible. Resistivity of a bulk of 
material defines the relationship between the electric field E and the current density 
J[97] 
(A.7) 
given in Urn. Resistivity can be thought of as a resistance that would be measured 
between the sides of a cube (Fig. A.5). Note, that the resistivity does not depend on the 
size of the bulk material. If instead of a cube, the resistance were measured between 




and is given in U/El. This resistance is refered as sheet resistance and identical for any 
square of material. 
One of the most common methods of measuring the sheet resistance with the four 
point probe as illustrated in Fig. A.6. In order to measure the sheet resistance with 
the four point probe, current is forced between the outer two electrode and voltage 
sensed between the two inner ones. If the electrode spacing s is much smaller than the 
layer/wafer thickness t, then the sheet resistance can be written as follows [112]: 
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(b) 
x 
- - 	ri 	r •1 
Figure 4.5. Resistivity in bulk and sheet materials. Relationship between resistivity and sheet 
resistance. (a) Definition of bulk resistivity and (b) Definition of sheet resistance. 
Figure 4.6. Four point probe for sheet resistance measurement. During a four point probe 
measurement current is forced between the outer two electrodes and voltage measured 
between the inner two electrodes. 
Rs
V 
= - = 	= 4.532 	 (A.9) 
x1 ln(2) I 	I 
and is given in 1)/LI. In case of patterned structures, Greek cross test structure as 
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Conductive test layer 
Figure A.7. Measurement of sheet resistance using a Greek cross test structure. Current 
is forced between pad A and B and voltage measured between pad C and ft Sheet 
resistance is determined using Eq. (A.13) 
The sheet resistance is extracted at the heart of the cross and an accuracy of better than 
0.1 % can be achieved [137]. The sheet resistance is determined by forcing a current 
from pad A to B and measuring the potential difference across D and C. After that the 
current is reversed and the potential VDC  is measured and the resistance extracted [ 1 3]: 
Roo = VDC - VCD 	 (A.10) 
'AB - 'BA 
The current is then forced between B and C and the process repeated. 
R90 = 
VAD - VDA 
(A.11) 
'BC - 'CB 
The average resistance of these two measurements is then calculated: 
R 0 +R0 
R= 	 (A.12) 
2 
and the sheet resistance derived: 
/rrR 
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where f is a correction factor related to the geometrical asymmetry of the sheet resistor. 
The measurement assumes layers, which are homogeneous in composition and uniform 
in film thickness, setting f to 1. 
The measurement of sheet resistance gives an insight into the resistivity of the film and 
its composition across the die. It is therefore a measure for the quality of a thin film 
with a high accuracy. 
Page 177 
Appendix B 




his part of the thesis describes the process characterisation of a 
polysilicon surface microimachining process. Results on poly-
silicon layer deposition, stress optimisation and silicon dioxide 
etching are presented and discussed. 
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B.1Introduction 
Standard polysiicon surface micromachining was employed to manufacture test struc-
tures for the characterisation of FIB and Ag deposited frequency timing. The main 
components of such a process (see Ch. 2) are: 
• Polysiicon layer deposition and 
. sacrificial layer etching. 
To fabricate resonators with a high device yield, process characteristics and the inter-
action of the above individual processing steps must be understood. 
13.2 Characterisation of polysilicon deposoition 
Polysiicon is used as a structural material for the majority of structures in this thesis. 
Its deposition process conditions obviously influence biaxial ifim stress c rp, ly and the 
layer thickness t across the wafer. These parameters influence the resonant frequency 
of micromechriaical resonators as shown in Ch. 2 and therefore have to be characterised 
and controlled. 
The LPCVD polysilicon deposition process was investigated in terms of (i) layer thick-
ness uniformity and (ii) biaxial film stress. Both quanities influence the resonant fre-
qeuncy of resonators. A high polysilicon thickness uniformity and low axial stress 
are required to reduce strong variations in resonant frequency and excessive bending, 
which can severly reduce device yield. Hence, both quanities have to be characterised 
before MEMS resonators can be produced and used for FIB and Ag deposited tuning. 
To charcaterise and optimise polysilicon thickness uniformity and biaxial stress, five 
76mm n-type < 100 > Si test wafers with 0.1ym thick thermal Si0 2 were used for 
each polysiicon deposition. All depositions were carried out for lOOminutes. The test 
wafers were placed in slot 11 to 15 of a 25 wafer boat and were sandwiched between 
two sets of 2 x 5 dummy wafers to ensure homogenous silane S1H4 flow for the test 
wafers. 
Both the charcaterisation of the deposition uniformity and biaxial stress required ac-
curate and reproducable thickness measurements. The averegae deposited polysiicon 
thcikness was determined from five points (center, top, bottom, left, right) on the wafer 
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using a spectrophotometer (Fig. B.l). The polysilicon thickness uniformity was cala-
clulated from the difference in layer thickness between center and the avergae of the 
four remaining values (top, bottom, left and right). 
n-type <100> Si wafer 
Figure B.1. Schematic of a 76mm Si wafer with five measurement points. The thickness was 
measured for each of the five points. From these measurements the average deposition 
thickness and the uniformity was extracted. 
B.2.1 Polysilicon thickness uniformity 
The polysilicon thickness uniformity was charcaterised for SiH4 flows ranging from 
20 sccm to 60 sccm (sccm = standard cubic centimeters per minute) at a nominal de-
position temperature of 600°C. Fig. B.2 shows the center to edge thickness variation 
(uniformity) and deposition rate as a function of silane SiH4 gas flow. The polysiicon 
thickness uniformity improved with decreasing SiH4 gas flow. Lower gas flow caused 
less turbulent flow in the furnace tube and improved thickness uniformity. However, 
a reduced gas flow reduced the deposition rate at the same time. A flow rate of 30sccm 
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Figure B.2. Uniformity and deposition rate of polysilicon on 76mm n-type Si wafers. (a) 
Thickness variation from center to edge and (b) Average deposition rate on the wafer 
as a function of the SiH4 flow rate. 
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B.2.2 Biaxial polysilicon stress 
The polysiicon deposition rate and the biaxial stress were determined as function of 
deposition temperature ranging from 570°C to 620°C for a gas flow of 30sccm. The 
polysilicon layer thickness was measured at five points on each test wafer using a 
spectrophotometer. 
For the stress measurements, the radius curvature was measured across the whole Si 
subtstrate using a Dektak surface proffler (see Fig. B.3). This process was repeated by 
rotating the wafer by 90° and scanning the surface profiler across the entire diameter 
of the Si substrate. The average radius was calculated from these two measuered radii 
as R = (R 1 + R2)/2. 
Radius of curvature measurment on 
n—type <100> Si wafer 
0 
90 wafer rotation 
Figure B.3. Radius of curvature measurments on a 76mm Si wafer. The average radius of 
curvature was determined from two surface scans across the entire 76mm Si substrate. 
For the biaxial film stress calculations, the radius of curvature was determined in the 
described way before and after polysilicon removal on the backside of the wafer. The 
Stoney equation was used to extract the biaxial stress from the measured polysilicon 
film thickness and wafer curvature. 
In order to calaculate the biaxial polysiicon stress, the average radius of curvature was 
measured in the decribed manner before R initial and after R1 0 1 polysiicon removal on 
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the backside of the wafer. Polysilcon was removed on the back of the wafer using RIE 
etching. 
The measured polysilicon thickness tf and the radii of curvature R initial and R final  were 
inserted into the Stoney equation [120] to determine the biaxial polysilicon film stress 
= 
 (
1 	1 " 	Es z 	T 
R nai - Rinitiai) (1 - vs) 
(B.1) 
p  
Where T, Esi and vs 1 are the wafer thickness, the Young's modulus and the Poisson 
ratio of the Si substrate, repectively. 
The measured deposition rate and biaxial stress of undoped polysilicon is shown as a 
function of the deposition temperature in Fig. B.4. 
The polysiicon deposition rate increased with rising temperature because more en-
ergy was provided for the decomposition of SiH4 . Biaxial stress in polysilicon follows 
a change from compressive (570-580°C) to tensile (580-590°C) and back to compres-
sive stress (590-620°C) (Fig. B.4). Compressive stress was due to the competitive grain 
growth and tensile stress due to the amorphous-to crystalline transformation during 
deposition [73]. 
Next, the influence of phosphorus doping on biaxial polysilicn stress was investigated. 
In doing so, wafers were covered with lym thick tensile stressed polysilicon, which 
was deposited at 585°C and subsequently doped for various times with phosphorus 
via Solid Source Diffusion (SSD) at 1000°C. In order to activate dopants and promote 
grain growth, wafers were annealed in N2 at 1100°C for one hour. After annealing, the 
sheet resistance of the polysiicon was measured using a four point probe (Appendix 
A). The biaxial stress in the doped polysilicon was determined as described as above. 
Fig. B.5 shows the biaxial stress as a function of sheet resistance. Biaxial stress changed 
from tensile to compressive with descreasing sheet resistance and therefore increasing 
phosphorus concentration. Phosphorus has a larger lattice constant than silicon and 
therefore promotes compressive stress [91]. 
In conclusion, in order to ensure low biaxial stress in doped polysilicon microstrucr-
tures, films should be deposited at 585°C, doped with phosphorus for 70-90 minutes 
and subsequenteily annealed at 1100°C. 
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Figure B:4. Deposition rate and biaxial stress of polysilicon. (a) Deposition rate as a function 
of temperature. (b) Measured biaxial stress as a function of deposition temperature in 
comparision to values found in the literature [148]. Biaxial stress was determined using 
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Figure B.5. Biaxial stress of phosphorus doped polysilicon. Biaxial stress as a function sheet 
resista nce. 
B.2.3 Sacrificial layer etching 
Sacrificial Si0 2 layer etching was used to produce free standing micromechanical test 
structures. During this so called release etch in hydroflouric acid (HF), a high selec-
tivity between Si02 and resonator Al metallisation is important to provide electrically 
control of micromachined devices. Polysilicon is hardly attacked by HF and therefore 
has a sufficient high selectivity to Si02 [14]. However, the selectivity between Al met-
allisation and Si0 2 in 10:1 HF is only 11:1 [147], too low to provide intact electrical 
contacts after long release etches. Hence, a high selectivity between Si02 and Al is 
needed. 
To characterise the selectivity between Si0 2 and Al, micromechanical polysiicon re-
sonators with Al electrodes fabricated for Ag deposited frequency tuning (Sec. 5.2.1) 
were submerged in various oxide etch solutions. The selectivity was extracted by mea-
suring the Si02 undercut with an optical microscope and Al thickness with a Dekatk 
surface profilometer both before and after etching. This approach is accurate and easy 
to perform within the process environment and enables both Al and Si0 2 to be mea-
sured on the same structure. 
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B.2.4 Sacrificial layer etching 
Resonators with Al metallisation were placed in various acids such as (i) 49% HF, (ii) 
BHF (4:1), (iii) BHF(4:1):CH3COOH (4:1), (iv) NH4F: CH3COOH (10:9) and Silox glass 
etch. Samples were etched in daylight. The Si02 removal rate was determined by 
measuring the undercut of the polysiicon bridges in a Vickers Microscope (polysilicon 
is transparent under normal light) and divided the amount of Si02 removed by the etch 
time. Al thicknesss was measured before and after etching using a surface profiler. The 
Al etch rate was determined by the ratio of Al removed to the etch time. The Si02-Al 
is the ratio of the etch rate of Si2 to Al. In table B.I. the selectivity for various acids 
have been summarised. 
Etchant Si02 :A1 Selectivity 
HF (49%) 13:1 
BHF (4:1) 12:1 
BHF (4:1):CH3 COOH(4: 1) 15:1 
NH4 F:CH3 COOH (10:9) 24:1 
Silox glass etch 18:1 
Table B.1. Experimental measured Si02-Al selectivity using different flourine based acids. 
An examples of a resonator with Al metallisation after a lOminute etch in HF (49%) is 
shown in Fig. B.6. After the etch the Al electrodes are partly or fully dissolved. 
Fig. B.7 shows a microscope pictures of Al elctrodes etched in NH4F:CH3COOH for 
160minutes. As can be observed, the electrodes are fully intact and seem not to be 
affected by the acid. 




Appendix B 	 Process development for polysilicon surface micromachining 
1 
Figure B.6. Microscope picture in 200X magnification of 1pm thick Al electrodes after a 
10 minutes etch in 49% HF. This microscope picture clearly shows the effect of 
standard 49% HF on Al metallisation during a release etch. 
	










Figure B.7. Microscope picture in 200X magnification of 1pm thick Al electrodes after 160 
minutes of etch in NH4F : CH3COOH. NH4F CH3COOH clearly increases the 
ecth selectivity between Si02 and Al and provides intact electrical contacts even after 
long release etches. 
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CMP test chip 
his part of the thesis describes the design of CMP a test chip 




CMP test chip 
C.1 CMP test chip design and components 
C.1.1 Test chip design 
A test chip has been designed to demonstrate a CMP planarisation fabrication for ml-
cromechanical polysiicon resonators with submicron transducer gaps (see Fig. C.1). 
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Figure C.1. CMP test chip design. The CMP test chip consists of four sections including test 
structures and various designs of micromechanical structures such as bridges, plates 
and filters. 
Test Structures and thermal tuning structures 
Micromechanical bridge/beam resonators 
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Micromechanical plate resonators 
Micromechanical filters 
Square shaped CMP buffer structures 50-1001m 2 in size were placed at the edge and 
inside the test chip to ensure a global and local uniform CMP polishing rate. To ensure 
a globally uniform CMP removal rate, buffer structures were located at the edge of the 
chip. Buffer structures were placed inside the chip between individual devices ensure 
a uniform CMP removal rate locally on each individual test chip. 
Bonding pads 1001im 2 in size were placed at the edge of the chip to provide electrical 
contact to the devices. These bonding pads were allocated for different purposes such 
as measurement calibration (open, short and 501)) and signal routing (ground and 
input and output ports). Input and output were placed at opposite end of the test to 
reduce the effect of possible cross signal coupling. The design consists of seven masks 
from which fife are light and two are dark field. 
C.1.2 Test chip components 
This section presents some components of the CMP test chip design, which are located 
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Figure C.2. Layout of a thermal frequency tuning mechanism. Jouling heating in the wide 
actuator beams causes compressive strain, which is transfered into a moment. The 
moment is transfered onto the bridge resonator, which is either compressed or expanded 
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Figure C.3. Layout of a micromechanical beam resonator. Example of an extensional vibrat-
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